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ABSTRACT 
Computational Fluid Dynamics (CFD) is a well-established industrial design tool for 
non-nuclear applications, helping to reduce design time scales and to improve 
processes throughout the engineering world, providing a cost-effective and 
accurate alternative to scale model testing. 
Within the Nuclear Reactor Safety (NRS) framework, the traditionally adopted tools 
for safety analysis evaluation (i.e. integral thermal-hydraulic codes) are not capable 
of predicting the effect of inherently three-dimensional flow fields and mixing 
phenomena in complex geometries, therefore the application of CFD technique is 
considered to potentially bring real benefits in terms of deeper understanding of 
involved phenomena and of increased safety. 
However, CFD tools are not yet considered mature enough to be applied to the 
wide spectrum of nuclear safety related issues, hence further code assessment is 
still necessary. Nevertheless, the intensive code development and assessment 
work carried out in recent years and the dramatic increase in computing power are 
quite promising, and CFD already plays an important role as a support tool for NRS 
analyses involving single-phase flows. 
In this framework, the present thesis provides a contribution to the definition of the 
possible current role and the future perspectives of the application of CFD tools to 
NRS problems within both licensing and design frameworks. 
In particular, the present research activity focused on the implementation of CFD 
technique within a best estimate methodology to address the licensing analyses of 
a Nuclear Power Plant (NPP), namely the analysis of the Double Ended Guillotine 
Break Loss Of Coolant Accident (DEGB-LOCA) scenario of the Atucha-II NPP, 
which is included into the Chapter 15 of its Final Safety Analysis Report (FSAR). 
The adopted methodology involves the coupled application of best estimate 
thermal-hydraulic, neutron physics and fuel pin performance computer codes, 
together with the evaluation of the related uncertainties. A systematic and 
integrated application of CFD techniques to NRS analyses for licensing purposes is 
presented, able to go beyond state-of-the-art approaches in this field of application. 
The present research is also contributing to the assessment of CFD codes in their 
application to problems related to nuclear safety and technology, in particular for 
the predictive analysis of in-vessel flows and of the related transport and mixing 
phenomena, as well as the evaluation of concentrated pressure losses in complex 
geometries. 
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SOMMARIO 
Le tecniche di Fluidodinamica Computazionale (CFD) sono uno strumento il cui 
utilizzo si è ormai consolidato nelle applicazioni in campo convenzionale, in 
particolare grazie alla loro capacità di ridurre i tempi di progettazione per un ampio 
spettro di applicazioni industriali, offrendo inoltre l‟opportunità di ridurre i costi 
connessi allo sviluppo di campagne sperimentali. 
Nel campo delle analisi di sicurezza per i reattori nucleari, gli strumenti 
tradizionalmente utilizzati (codici di termoidraulica di sistema) non offrono sufficienti 
capacità predittive se applicati alle analisi di flussi intrinsecamente tridimensionali o 
a fenomeni di miscelamento all‟interno di strutture a geometria complessa. In 
questo specifico campo di applicazione, l‟utilizzo di tecniche CFD potrebbe 
potenzialmente apportare rilevanti benefici in termini di comprensione approfondita 
dei fenomeni fisici coinvolti, con dirette ricadute benefiche sui livelli di sicurezza 
raggiungibili. 
Tuttavia, gli strumenti CFD non sono attualmente considerati sufficientemente 
maturi per la loro applicazione a problemi legati alla sicurezza degli impianti 
nucleari a causa del loro processo di qualifica, considerato ancora incompleto. 
Nonostante ciò, lo sviluppo intensivo dei codici CFD ed i vari studi di qualifica 
completati negli ultimi anni, insieme all‟esponenziale incremento delle potenze di 
calcolo disponibili, alimentano aspettative crescenti. Inoltre non è trascurabile il 
fatto che la CFD già attualmente svolga un ruolo importante come strumento di 
supporto per le analisi di sicurezza nucleare di flussi monofase. 
In questo ambito, il presente lavoro di Tesi fornisce un contributo alla definizione 
del possibile ruolo attuale e delle prospettive future sull‟uso di strumenti CFD nel 
campo del licensing e della progettazione di impianti nucleari. 
In particolare, la presente attività di ricerca è focalizzata sull‟implementazione delle 
tecniche CFD all‟interno di una metodologia “best estimate” atta ad affrontare le 
analisi di sicurezza inserite nel processo di licensing di un impianto nucleare; nello 
specifico è stata affrontata l‟analisi dello scenario incidentale Double Ended 
Guillotine Break Loss Of Coolant Accident (DEGB-LOCA) riguardante la centrale 
nucleare Atucha-II, analisi che è inclusa nel Capitolo 15 del Final Safety Analysis 
Report (FSAR) dell‟impianto. 
La metodologia adottata implica l‟applicazione accoppiata di codici “best estimate” 
di termoidraulica, cinetica neutronica e analisi del combustibile, combinata con la 
valutazione delle relative incertezze. Nella presente Tesi è presentata 
un‟applicazione sistematica ed integrata di tecniche CFD ad analisi di sicurezza di 
un reattore nucleare, capace di andare oltre gli approcci allo stato dell‟arte adottati 
in questo campo di applicazione. 
Infine, la presente attività di ricerca fornisce un contributo al processo di qualifica 
dei codici CFD per la loro applicazione a problemi relativi alla tecnologia ed alla 
sicurezza nucleare; in particolare per l‟applicazione ad analisi predittive di campi di 
moto interni al reattore ed ai relativi fenomeni di trasporto e miscelamento, così 
come per la valutazione di perdite di carico concentrate in strutture a geometria 
complessa. 
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1. INTRODUCTION 
Computational Fluid Dynamics (CFD) is a well-established industrial design tool for 
non-nuclear applications, helping to reduce design time scales and to improve 
processes throughout the engineering world, providing a cost-effective and 
accurate alternative to scale model testing. 
Within the Nuclear Reactor Safety (NRS) framework, the traditionally adopted tools 
for safety analysis evaluation (i.e. integral thermal-hydraulic codes) are not capable 
of predicting the effect of inherently three-dimensional flow fields and mixing 
phenomena in complex geometries, therefore the application of CFD techniques is 
considered to potentially bring real benefits in terms of deeper understanding of 
involved phenomena and of increased safety. 
However, in many statements about the need to further validate CFD codes for 
nuclear reactor applications, there is an underlying belief that, behind the attractive 
features of CFD interfaces, there is not a completely reliable predictive tool, at least 
not reliable enough for being applied to safety related problems. 
CFD codes are not yet – generally speaking – fully reliable tools: being inherently 
“three-dimensional” and “local” does not constitute a sufficient condition for 
assuring that 3D and local phenomena are accurately predicted. Colorful pictures 
and high definition movies that can easily be produced with CFD post-processing 
tools often give the illusion of a realistic and trustworthy representation of the 
reality, but may hide code deficiencies in achieving the needed level of accuracy. 
On the other hand, intensive CFD code development and assessment work has 
been and is being carried out in recent years, made more and more effective by the 
availability of increasing computing resources. 
Such advancements are certainly oriented to obtaining reliable and efficient 
predictive tools; however, some additional efforts are necessary to meet the quality 
assurance requirements that would make such tools applicable to the nuclear 
reactor technology, and in particular to the safety analysis within the licensing 
process. 
In this framework, the present thesis provides an outline of the methodology for the 
use of CFD analysis as support to the licensing process of a Nuclear Power Plant 
(NPP), namely Atucha-II NPP (CNA-2); thus contributing to the definition of the 
possible current role and the future perspectives of the application of CFD tools to 
NRS problems within both a licensing and a design framework. 
CNA-2 is a 745 MW(e) natural uranium reactor constructed by the Nuclear 
Argentine Company for Electrical Power Generation (ENACE) and SIEMENS AG 
KWU. It belongs to a second generation reactor type using a unique Pressurized 
Heavy Water Reactor (PHWR) configuration. Its construction started in 1980, but 
stopped some years later. Partly as a response to the energy shortage caused by 
natural gas crisis of 2004, the issue of Atucha-II was taken up by the Argentine 
government, which has planned the completion of the construction in 2011. In this 
framework the Argentinean utility Nucleoeléctrica Argentina S.A. (NA-SA) and 
University of Pisa (UNIPI) reach in 2007 an agreement to support NA-SA in the 
areas of thermal-hydraulic and neutron kinetic design and of safety technology of 
Atucha-II (Ref. [1]). This agreement had a 2 years follow-up in 2008-9 (Ref. [2]) and 
has been extended for 2 years further. The aim of the agreement was the issuing 
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of the Chapter 15 of its Final Safety Analysis Report (FSAR) in order to finalize the  
CNA-2 licensing process. 
Based on qualified tools and analytical procedures developed or available at 
UNIPI, a modern and technically consistent approach has been built upon best 
estimate methods including an evaluation of the uncertainty in the calculated 
results (Best Estimate Plus Uncertainties or BEPU approach). Adopting a “best 
estimate approach” for safety analyses means that, for each expected 
phenomenon, the best available tools and codes should be used. The last 
sentence constitutes an entry point for the application of CFD technique to NRS 
analyses, since it constitutes the only available technique able to analyze highly 
three-dimensional flow filed developing in extremely complex geometries. 
In particular, the present research activity focused on the implementation of CFD 
techniques within a best estimate methodology in order to address the analysis of 
the Double Ended Guillotine Break Loss Of Coolant Accident (DEGB-LOCA or 2A-
LOCA) scenario, which is included in the Chapter 15 of CNA-2 FSAR. 
The DEGB-LOCA scenario was handled by means of developing a procedure 
adopting internal and external coupled application of best estimate thermal-
hydraulic, neutron physics and fuel pin performance computer codes, together with 
the evaluation of the related uncertainties. 
The coupled Thermal-Hydraulics System (TH-SYS) and Neutron Kinetic (NK) code 
analysis of the 2A-LOCA scenario needs to account for the neutronic feedback due 
to the fast boron injection into the moderator provided by the Fast Boron Injection 
(FBI) system intervention. The emergency boron injection system is a backup 
system for the fast shutdown of CNA-2 reactor, in addition to the control rods. The 
boron injection, powered by pressurized air, is meant to be actuated whenever the 
intervention of control rods is supposed to be not sufficiently fast to shutdown the 
reactor. In the postulated scenario, the pressure waves caused by the break of the 
pipe make the control rod insertion unfeasible, thus giving to the FBI effectiveness 
the responsibility of shutting down the reactor. 
The time- and space-dependent distribution of injected boron inside the Reactor 
Pressure Vessel (RPV) are needed as boundary condition for the lumped 
parameter code analysis, accounting for the effect of inherently three-dimensional 
flow filed and mixing phenomena in a complex geometry such that inside the 
Moderator Tank (MT). 
A systematic and integrated application of CFD techniques to NRS analysis for 
licensing purposes is presented, able to go beyond state-of-the-art approaches in 
this field of application. The present research is also contributing to the assessment 
of CFD codes in their application to problems related to nuclear safety and 
technology, in particular for the predictive analysis of in-vessel flows and of the 
related transport and mixing phenomena, together with the evaluation of 
concentrated pressure losses. 
1.1 International Framework 
The research has been carried out in the framework of the CFD-related activities 
and international research projects in progress at the San Piero a Grado Nuclear 
Research Group (GRNSPG) – University of Pisa, and has thus profited of the 
availability of large experimental databases and numerical resources, as well as of 
the connection to a wide number of internationally recognized experts in the fields 
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of nuclear reactor safety and thermal-hydraulic and CFD code development and 
assessment. 
A representative list of the main international Projects that have constituted the 
framework of this research is given below. 
 
Research Agreement between UNIPI and NA-SA 
UNIPI and the Argentinean utility NA-SA have established a cooperation 
agreement in 2006, within which UNIPI provides support to the safety analysis of 
the PHWR Atucha-II (currently under construction in Argentina), with the aim of 
issuing the FSAR for the plant. 
In this context, many CFD investigations have been and are being performed 
among other studies, addressing specific issues relevant to the safety and 
operation of Atucha-II reactor (including in-vessel flow). 
 
OECD “V1000CT-2” Benchmark, “VVER-1000 Coolant Transient: Coolant Mixing 
Tests and MSLB” 
This international benchmark, in which UNIPI participated, had the purpose of 
testing existing tools for computation of coolant mixing in reactivity transients, such 
as for instance a Main Steam Line Break (MSLB) scenario in a PWR. The 
benchmark was based on measured plant data from Kozloduy NPP Unit 6 (Refs. 
[3] and [4]). Both system codes and CFD codes were adopted by the participants 
(including UNIPI: Ref. [5], [6] and [7]) to simulate the transient and quasi steady-
state phases of the scenario. 
 
Project TACIS R2.02/02, “Simulation tools for transients involving spatial variations 
of coolant properties” 
This project funded by the European Commission was a part of the TACIS 
programme (Technical Assistance to the Commonwealth of the Independent 
States), and was conducted in the period January 2005 to June 2007. The work 
was conducted by a Consultant – a consortium formed by AREVA (the Project 
leader), the University of Pisa UNIPI and the Forschungszentrum Dresden- 
Rossendorf (FZD) – in cooperation with a Director of Experiments (the Russian 
utility Gidropress), and had as a “beneficiary” the Rosenergoatom, i.e. the Russian 
Ministry for the atomic energy. 
The objective of the project was to provide a validation database for a set of 
selected Russian thermal-hydraulics system codes, regarding the investigation of 
mixing inside the RPV during transients involving perturbation of the coolant 
properties distribution at the core inlet. The validation database achieved is 
constituted by ten experiments conducted in the Gidropress Mixing Facility (GPMF) 
and pre- and post-test calculations with the selected system codes. All experiments 
were also simulated (both by UNIPI and FZD) with the CFD code ANSYS CFX, 
which provided a valuable support to the system code validation process. The CFD 
validation was obviously a useful by-product of the activity. 
 
Agreement UNIPI-FZD 
A long lasting research cooperation agreement exists between FZD and the 
Department of Mechanics, Nuclear and Production Engineering (DIMNP). In this 
framework, FZD provided UNIPI specialists with measured data from some 
ROCOM experiments on flow mixing for code validation purposes; such 
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experiments have been simulated both with CFD codes (such as ANSYS-CFX, 
Fluent and Trio_U) and the system code RELAP5-3D. 
 
NURESIM Integrated Project (EU 6
th
 FP), “European Platform for Nuclear Reactor 
Simulations” 
This project, part of the 6
th
 Framework Programme of the EURATOM, was 
conducted by a consortium of more than twenty European participants (including 
University of Pisa, Ref. [8], [9] and [10]) in the period 2005-2007, with the objective 
of developing and establishing a common European software platform for nuclear 
reactor simulation. One of the five sub-projects dealt with the development and the 
validation of thermal-hydraulics tools, and in particular of specific models to be 
implemented into the French CFD code NEPTUNE_CFD (owned by CEA and 
EDF) for the simulation of two-phase phenomena occurring in light water reactors 
during accidental scenario (e.g., boiling crisis and pressurized thermal shock). 
NURESIM is also a long-term development program, of which the NURESIM IP 
was the first step. The next step is the Project NURISP which is just starting. 
 
OECD – NUPEC “BFBT” Benchmark 
This international benchmark was based on NUPEC BWR Full-size Fine-mesh 
Bundle Tests (BFBT) and was aimed at assessing the boiling flow modeling 
capabilities of existing CFD and sub-channel codes. The test facility had provided 
in the past very accurate measurements of the void fraction at the outlet of a boiling 
channel for several experiments at different operating conditions, and such data 
constitute a valuable database for two phase flow CFD code validation. 
UNIPI participated in the benchmark performing CFD simulations with both CFX 
and NEPTUNE_CFD codes. 
1.2 Structure of the Document 
The present document, in addition to this Introduction, is subdivided into 5 other 
Chapters. 
In particular, Chapter 2 outlines the current role and future perspectives of CFD 
codes within the Nuclear Reactor Safety (NRS) analyses framework, underlining 
the outcome of the Committee on the Safety of Nuclear installation (CSNI) Writing 
Groups on CFD. 
Chapter 3 contains an overview of the Atucha-II Nuclear Power Plant, highlighting 
the peculiarities of the plant design and focusing on the Reactor Pressure Vessel 
internals. 
Then, Chapter 4 briefly describes the 2A-LOCA scenario in Atucha-II NPP, 
addressing the peculiarities of its unique design. This Chapter highlight the need 
for an overall and systematic analysis approach, going beyond the common current 
practice in NRS analyses. 
Chapter 5 deals with the CFD assessment of the coolant in-vessel flow in nominal 
conditions. The flow field and mixing has been investigated in the Downcomer 
(DC), the Lower Plenum (LP) and the Upper Plenum (UP) regions. Moreover, the 
assessment of the core pressure losses is documented in this Chapter, which 
address the estimation of several contribution to the overall pressure loss, 
comparing the results against available experimental data. 
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Then, Chapter 6 focuses on the CFD analyses of the Fast Boron Injection (FBI) 
system intervention during the 2A-LOCA scenario. The investigation of the 
moderator in-vessel flow in nominal conditions is presented, together with the 
assessment of the most relevant pressure losses affecting the injection 
effectiveness by means of comparison against experimental data. Moreover, the 
CFD transient simulation of the boron injection is documented, as well as a 
simulation of an experimental test for CFD model assessment purposes. 
Finally, Conclusions are drawn. 
University of Pisa - 28 - April 2011 
 
Page 28 of 282 – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Terzuoli Fulvio 
 
April 2011 - 29 - University of Pisa 
 
Terzuoli Fulvio – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Page 29 of 282 
2. THE ROLE OF CFD CODES IN NUCLEAR REACTOR SAFETY 
ANALYSES 
An exhaustive description of the state-of-the-art in the application of CFD codes to 
NRS problems has recently been produced by the three “Writing Groups on CFD”, 
those groups of experts were created by the CSNI in 2002, and have periodically 
met (twice per year) with the aims of providing Best Practice Guidelines (BPG), 
evaluating the existing CFD assessment database and related limitations, and 
exploring the possibilities of extension to two-phase flows. They have met until the 
end of 2006, 2007 and 2008 respectively, and the result of their work consists of 
three reports (Ref. [11], [12] and [13]). 
Moreover, several experimental campaigns and code development and 
assessment activities have been carried out in the recent years, both in 
international and national frameworks, as well as international workshops and 
conferences devoted to the CFD application in the nuclear field.  
This Chapter includes both a brief introduction to CFD techniques and information 
from the aforementioned CSNI reports (in particular the first two, since two-phase 
flow is not addressed in this document), as well as from the surveyed literature. 
2.1 Introduction to CFD Techniques 
CFD is a computer-based tool for simulating the behavior of systems involving fluid 
flow, heat transfer, and other related physical processes. It works by solving the 
equations of fluid flow (accounting in detail for turbulence effects) over a region of 
interest, with specified boundary conditions. 
For many years numerous programs have been written to solve either specific fluid 
flow problems or specific classes of fluid flow problems. From the mid-1970‟s, the 
complex mathematics required to generalize the algorithms began to be 
understood, and general purpose CFD solvers were developed. 
These began to appear in the early 1980‟s and required what were then very 
powerful computers, as well as an in-depth knowledge of fluid dynamics, and large 
effort to set up simulations. Consequently, CFD was a tool used almost exclusively 
in research. 
Recent advances in computing power, together with powerful graphics and 
interactive 3D manipulation of models have made the process of setting up a CFD 
model and analyzing results much less labor intensive, reducing time and, hence, 
cost. Advanced solvers contain algorithms which enable robust solutions of the 
flow field in a reasonable time. 
As a result of these development, CFD is now an established industrial design tool, 
helping to reduce design time scales and improve processes throughout the 
engineering world. CFD provides nowadays a cost-effective and accurate 
alternative to scale model testing, with variations on the simulation being performed 
quickly, offering obvious advantages. 
In normal usage CFD now implies solution of Navier-Stokes (as opposed to Euler) 
equations with some special provision for modeling turbulence. 
An early decision in modeling any turbulent flow is the high level approach to 
turbulence modeling. A brief definitions of four approaches are provided here as 
part of basic CFD terminology. Distinctions between the approaches are based on 
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the standard view of turbulence as a superposition of eddies with a continuous 
distribution of sizes. Selection of modeling approach is a question of how much of 
this eddy spectrum is resolved in the direct solution of the Navier-Stokes equations 
and how much is relegated to special auxiliary models. 
 
Reynolds Average Navier Stokes (RANS) 
RANS is most clearly defined in simulations of “steady” flow. The time independent 
mean flow field is obtained from Navier-Stokes equations, and mean effects of all 
turbulence are captured in a separate model. In transient simulations, the time 
averaging imposed on the Navier-Stokes equations is on a large enough scale that 
everything recognized as turbulence is filtered, and must be modeled separately. 
 
Direct Numerical Simulation (DNS) 
DNS takes advantage of the fact that turbulence is part of any detailed solution of 
the Navier-Stokes equation. In this approach a fine enough computational mesh is 
introduced to resolve all significant scales of turbulence and no special turbulence 
models are needed. Unfortunately, turbulence theory tells us that the smallest 
persistent eddy diameter is roughly proportional to the Reynolds number to the 
minus three-quarters power (1/Re3/4). This means that the number of mesh points in 
3D DNS scales like Re9/4, and only a very limited range of problems can be solved 
with DNS on current computers. 
 
Large Eddy Simulation (LES) 
LES is a family of methods that compromise between RANS and DNS. Large-scale 
eddies are resolved in the flow equation solution, and effects of small-scale eddies 
are obtained from a special model. This implies a cutoff size in the LES model 
separating the two scales. This cutoff is small enough that turbulence models for 
smaller scales can be significantly simpler than those required for good results with 
RANS. 
 
Detached Eddy Simulation (DES) 
DES is a further compromise between RANS and LES, to capture key physical 
phenomena in the lowest possible amount of computer time. A decision is made on 
spatial regions that are adequately modeled by RANS and those requiring LES. An 
example is simulation of vortex shedding from the trailing edge of some solid 
structure. Boundary layers and more far-field flows can be simulated well with 
RANS. However, the region downstream of the structure would require a finer 
mesh, and a flag activating LES. 
 
There are a number of different solution methods which are used in CFD codes. 
The most common, and the one on which ANSYS CFX is based, is known as the 
finite volume technique. In this technique, the region of interest is divided into small 
sub-regions, called control volumes. The equations are discretized and solved 
iteratively for each control volume. As a result, an approximation of the value of 
each variable at specific points throughout the domain can be obtained. In this 
way, one derives a full picture of the behavior of the flow. 
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2.2 Identification of NRS Issues requiring CFD 
An important outcome of the work done by one of the CSNI Writing Groups on CFD 
was a sort of classification of a number of NRS problems identified as needing the 
support of CFD. Such problems are indicated in Tab. 1 (extracted from Ref. [12]), 
along with the following information: 
 related part of the nuclear system (reactor core, primary/secondary circuit, 
containment); 
 relevant to normal operation, Design Basis Accident (DBA) or Beyond 
Design Basis Accident (BDBA); 
 involving single-phase or two-phase flow (or both). 
 





Erosion, corrosion and deposition 
Core, primary and 
secondary circuits 
Operational Single/Multi 
Core instability in BWRs Core Operational Multi 
Transition boiling in 
BWR/determination of MCPR 
Core Operational Multi 
Recriticality in BWRs Core BDBA Multi 
Reflooding Core DBA Multi 
Lower plenum debris 
coolability/melt distribution 
Core BDBA Multi 
Boron dilution Primary circuit DBA Single 
Mixing: stratification/hot-leg 
heterogeneities 
Primary circuit Operational Single/Multi 
Heterogeneous flow distribution 
(e.g. in SG inlet plenum causing 
vibrations, HDR experiments, etc.) 
Primary circuit Operational Single 
BWR/ABWR lower plenum flow Primary circuit Operational Single/Multi 
Waterhammer condensation Primary circuit Operational Multi 
Pressurised Thermal Shock (PTS) Primary circuit DBA Single/Multi 
Pipe break – in-vessel mechanical 
load 
Primary circuit DBA Multi 
Induced break Primary circuit DBA Single 
Thermal fatigue (e.g. T-junction) Primary circuit Operational Single 
Hydrogen distribution Containment BDBA Single/Multi 
Chemical 
reactions/combustion/detonation 
Containment BDBA Single/Multi 
Aerosol deposition/atmospheric 
transport (source term) 
Containment BDBA Multi 
Direct-contact condensation Containment/Primary DBA Multi 
Bubble dynamics in suppression 
pools 
Containment DBA Multi 
Behavior of gas/liquid surfaces Containment/Primary Operational Multi 
Special considerations for 
advanced (including Gas-Cooled) 
reactors 
Containment/Primary DBA/BDBA Single/Multi 
Tab. 1 – NRS issues needing CFD (from Ref [12]) 
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2.3 Relevance of In-Vessel Flow Investigation to NRS 
Since the present research activity focused on In-Vessel Flow (IVF) investigation, a 
brief description of its relevance to NRS is given in this Section. 
Perturbations of the spatial distribution of the coolant physical properties at core 
inlet are potential causes of reactivity insertions, with consequent local power 
excursions. If the local power density reaches relatively high levels, then the 
consequences may be either: 
 Departure from Nucleate Boiling (DNB), with potential for cladding damage; 
 excessive energy release to the fuel during power pulse with potential for 
fuel break-up and core damage. 
In case of anomalous temperature or boron distribution at core inlet, the 
perturbation is affected by the mixing phenomena occurring in the RPV. In fact, a 
peaked and localized perturbation reaching the core may determine a local power 
excursion; on the other hand, mixing effects tend to dilute the perturbation on a 
larger area and to smear its gradients, and thus reduce the potential danger. 
The analysis tools traditionally adopted for nuclear reactor safety evaluation (i.e. 
integral thermal-hydraulic codes) are not capable of predicting the three 
dimensional turbulent mixing phenomena affecting the In-Vessel Flow (IVF) and 
the distribution of coolant properties at the core inlet. 
The application of CFD represents, potentially, the way to overcome such 
limitations. In facts, CFD tools can predict the three-dimensional mixing 
phenomena and the actual time and space distribution of the perturbations, and 
thus allows reducing the related uncertainties. 
As already mentioned in Chapter 1, such direct application of CFD to safety 
analysis is not yet fully mature since further code assessment is still necessary. 
However, the recent progress in code development and assessment and the 
dramatic increase in computing power are quite promising, and CFD already plays 
an important role as a support to reactor safety analysis. 
Basically, there are two categories of accidental scenarios that can induce the 
above mentioned perturbations in a PWR: 
1) boron dilution transients: transients featuring the accumulation of slugs with 
deborated or diluted water in the primary loop; 
2) overcooling transients: scenarios determining an overcooling of the coolant 
in one loop, and then the accumulation of a cold water slug. 
A short description of such scenarios is provided in the following. 
2.3.1 Boron Dilution Transients 
Relevant information concerning the state-of-the-art on the boron dilution issue was 
gathered in 1995 by the “CSNI specialists meeting on boron dilution reactivity 
transients” (Ref. [14], [15] and [16]). The main goal was to contribute to the 
identification and quantification of the following factors in relation to the boron 
dilution issue: 
 the risks associated with boron dilution events; 
 the probabilities of such events; 
 the relevant phenomena involved; 
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 the behavior of high burn-up fuels; 
 the uncertainties related to experimental and analytical investigations. 
Since then, the high degree of conservatism that characterized the early studies 
has been partially removed, thanks to the use of coupled code approaches, to the 
contribution of mature CFD codes, and to the extension of the experimental 
database. 
It has to be remarked, however, that the involved core damage frequencies are 
evaluated ∼10-8÷10-7/reactor-year, which noticeably relieves the safety relevance 
of the boron dilution issue (Ref. [17]). 
2.3.2 Overcooling Transients 
As mentioned above, power excursions can be expected if water at a lower 
temperature than the nominal value reaches the core inlet through one primary 
loop. 
An overcooling of the primary water may be induced by a temporary increase in the 
heat transfer from primary to secondary circuit in a SG. This may happen in the 
following accidental scenarios: 
 Main Steam Line Break (MSLB); 
 inadvertent opening of a turbine valve; 
 feedwater malfunctioning, leading to: 
o flowrate increase; 
o temperature decrease. 
As an example, in case of a MSLB the postulated initiating event is a double-ended 
rupture of one steam line upstream of the cross-connect. As a consequence, a loss 
of secondary coolant occurs, the affected SG depressurizes and the heat transfer 
is enhanced due to the increased flow rate. This determines an overcooling on the 
primary side of the affected loop, which thus feeds the RPV with colder water than 
the other loops. 
2.4 State-of-the-art in CFD Quality Assurance 
The application of numerical analysis tools to problems connected to nuclear 
technology should be performed so as to reduce the related uncertainties and 
inaccuracies as far as possible, to collect all the necessary information to assess 
the degree of reliability of the results, and to optimize the exploitation of the 
available computational resources. This is what, in other terms, can be referred to 
as the “quality assurance” of the analyses. 
An efficient means to implement a quality-oriented approach in the use of codes 
consists in providing the user with written guidance on the “best practice” to follow 
when addressing given problems, where the “best practice” is the synthesis of all 
the experience achieved by the most advanced users on those problems and of 
the common knowledge about capabilities and limitations of the tools. 
In 2002, the “BPGs for the CFD Code Validation for Reactor-Safety Applications” 
were produced as the first deliverable of the ECORA Project (Ref. [18]): these are 
the first official guidelines for CFD oriented to nuclear applications, even though 
they are quite general and do not address specific problems. 
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The need of establishing BPG was then recognized by the CSNI: a group 
composed by 15-20 experts of CFD and nuclear reactor technology come out with 
the “Best Practice Guidelines for the use of CFD in Nuclear Reactor Safety 
Applications” (Ref. [11]), which represent a further milestone in the process of 
quality assurance establishment. 
Again, also the latter document is incomplete and not exhaustive. It provides useful 
guidance for a range of single phase applications to a relatively general level of 
detail; however, a deeper level of specificity is envisaged for each application, but 
not covered by the document, which is thus intended as the preliminary part of a 
wider set of (future) guidelines addressing thoroughly many specific problems. 
It is worth recalling the IAEA/NEA Technical Meeting on the “Use of CFD codes for 
safety analysis of reactor systems”, which was hosted by the University of Pisa in 
2002, and which provided a comprehensive view of the current state-of-the-art (see 
Ref. [19]). The recommendation to establish BPG for the application of CFD codes 
to nuclear reactor safety problems was one of the main outcomes of the meeting. 
The topics covered by the CSNI BPGs are reported in the list below, which also 
indicates the structure of the BPG report. 
1) Problem definition: 
a) isolation of the problem; 
b) Phenomena Identification and Ranking Table (PIRT); 
c) considerations on special phenomena. 
2) Selection of appropriate simulation tool: 
a) classic thermal-hydraulic system code; 
b) component code; 
c) CFD code; 
d) potential complementary approaches (e.g. CFD-1D coupling). 
3) User selection of physical models:  
a) guidelines for turbulence modeling in NRS applications; 
b) buoyancy model; 
c) heat transfer; 
d) free surface modeling; 
e) fluid-structure Interaction. 
4) User control of the numerical model: 
a) transient or steady-state model; 
b) grid requirements; 
c) discretization schemes; 
d) convergence control; 
e) free surface consideration. 
5) Assessment strategy: 
a) demonstration of capabilities; 
b) interpretation of results. 
6) Verification of the calculation and numerical model: 
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a) error hierarchy; 
b) round-off errors; 
c) spatial discretization errors; 
d) time discretization errors; 
e) software and user errors. 
7) Validation of results: 
a) validation methodology; 
b) target variable and metrics; 
c) treatment of uncertainties. 
8) Documentation. 
A detailed discussion of the above topics is not presented here. However it is worth 
placing stress on the fact that each single step of the analysis, from the definition of 
the problem through the meshing, the simulation set-up and the result post 
processing and comparison to the final documentation, is identified and considered 
analytically. 
In particular, a special effort is required to assess the errors affecting the results, 
which implies that a large number of sensitivity analyses have to be performed. 
This aspect makes the systematic application of the BPGs a huge task, since the 
computational expense to be allocated can easily grow by orders of magnitude. For 
example, grid sensitivity studies are often missing in published works and 
demonstrations of the achievement of grid-independence of the results are very 
rare. 
Nevertheless, the efforts to follow this quality-oriented approach as far as allowed 
by the available resources appear to be rapidly growing. The idea that 
demonstrating the quality of the performed CFD analysis is an essential step of the 
analysis itself is becoming more and more widely accepted. 
The research activity presented in this document involved the execution of several 
selected problem-dependent sensitivity analyses, since a systematic application of 
the BPGs was beyond the aim of the activity. 
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3. DESCRIPTION OF CNA-2 LAYOUT AND MAIN SYSTEMS 
3.1 Layout 
Atucha II (CNA-2) NPP is a 745 MW(e) natural uranium reactor constructed by 
ENACE S.A., Nuclear Argentine Company for Electrical Power Generation and 
SIEMENS AG KWU, Erlangen, Germany. It belongs to a second generation reactor 
type PHWR. All the nuclear area is based on the prototype reactor MZFR 56 
MW(e) which was placed in operation at the Nuclear Research Center in Karlsruhe 
(West Germany) in 1966. Also it was designed on the bases of Atucha I NPP 
(CNA-1) with 354 MW(e) (1969). The secondary and auxiliary systems were 
designed in a similar way as Konvoi PWR plants, from Germany (around 1989).  
In Tab. 2 the main features of the nuclear island of the plant are showed, while 
Tab. 3 reports the comparison between CNA-2 and main NPP design. 
Atucha-II reactor employs heavy water (D2O) as moderator and as coolant. 
Nevertheless moderator and coolant are kept separated, so that the Reactor 
Coolant System (RCS) does not handle the large amount of moderator necessary 
in this kind of reactor, owing to the relatively low moderating power (ξΣs) of D2O. 
Moreover, maintaining coolant and moderator separated allows keeping them at 
different temperatures (Ref [20]). 
3.2 Primary System 
3.2.1 Reactor System (JA) 
The reactor system consists of the RPV (JAA), its internals and the control 
shutdown equipment. Its function is to generate thermal power. In Fig. 1, a 
schematic view of the RPV is given, the figure shows also coolant and moderator 
inlet / outlet points and inlet points designed for core safety injection. The reactor 
core of Atucha-II NPP is built up of 451 Fuel Assemblies (FA). Each FA is placed in 
a shroud type tube which serves as Coolant Channel (CC). The tubes are arranged 
in a vertical triangular lattice within the moderator tank. The FAs are bundles of 37 
closely packed fuel rods, which are arranged in 3 concentric circles with 6, 12 and 
18 fuel rods around a central fuel rod. This arrangement is shown in Fig. 2. The 
fuel rods are held in position with respect to each other by means of several spacer 
grids set along the length of the FA. To support the FA within the CC, the spacer 
grids carry on their outer circumference sliding shoes 
At normal moderator temperature the coolant absorbs approx. 90% of the 
generated power; the moderator absorbs the remaining part. Therefore it is 
necessary to cool down both of them: the thermal power removed by the coolant is 
exploited in two steam generators to produce steam destined to the turbines, 
whereas the remainder is transferred from the moderator to the feed-water 
(secondary side) in 4 “moderator coolers” upstream the inlet of the steam 
generators. 
A thermal power of approx. 2160 MW is generated in the core, while a thermal 
power of 15 MW is generated inside the reactor coolant pumps. Therefore the total 
thermal power transferred to the secondary fluid both in the steam generators and 
in the moderator coolers is about 2175 MW. 
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CNA-2 PRIMARY SIDE 




Control rods Materials/n°: hafnium / 9 rods, steel / 9 rods 
Cladding Material: Zr-4 
Fuel 
Type: 451 fuel assemblies with 37 fuel rods 
Material / core position: natural UO2 / vertical 
Equilibrium burnup at fuel discharge [MWd/tonU]: 7800 
Refueling: online with one refueling machine 
Coolant 
data at full 
load 
Material: D2O 
RPV inlet / outlet temperatures [°C]: 277.9 (278.1)
*
 / 312.5 
(313.5) 
D2O volume (without pressurizer and surgeline) [m
3
]: 211 
Total core mass flow [kg/s]: 10344 
N° of loop: 2 
Moderator 
data at full 
load 
Material: D2O 
Normal / Max average temperatures [°C]: Tav.normal=170 / 
Tav.max=220 




Total core mass flow [kg/s]: 891.6 (835.6) 
N° of loop: 4 
Primary side 
pressures 
Pressure at reactor outlet [MPa]: 11.4 
Overall pressure loss in reactor coolant system [MPa]: 1.07 
Overall pressure loss in moderator system [MPa]: 0.65  
Pressurizer 
Pressurizer pressure[MPa]:11.35 
Pressurizer temperature [°C]:320 







N°/Type: 2 / U-tube heat exchanger 




SG inlet / drop temperatures [°C]: 312 (313.5) / 34.9 (35.7) 




Inlet temperature [°C]: 201.5 
Outlet temperature [°C]: 141.4 
Heat transfer per moderator cooler [MW]: 55.7 
Mass flow rate per Moderator Cooler [kg/s]: 220.9 (207.1) 
*
 Data stated in brackets refer to the average max. moderator temperature under full load conditions 
Tab. 2 – CNA-2 NPP: main features. 
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 CNA-2 CNA-1 BWR PWR CANDU RBMK 
Fuel Assembly -- -- 8 x 8 17 x 17 -- 18 x 2 
Fuel Rod per 
Assembly 
37 36 63 264 37 36 
No of 
Assemblies 
451 253 592 193 456 1661 
Core Active 
Length [m] 
5.3 5.3 3.6 3.6 6.06 6.92 
Bundle Length 
[m] 
5.3 5.3 3.6 3.6 0.5 3.46 
Fuel Weight 
[kgU] 
89,400 61,000 126,700 118,00 87,500 192,000 
Maximum T 
Clad [°C] 
325 324 293 335 326 325 
Maximum T 
Centerline [°C] 




7,500 6,000 >25,000 >35,000 7,000 22,200 
Refueling 
(Reactor State) 
On power On power Shut down Shut down On power On power 
Cladding 
Diameter [mm] 
12.9 11.9 12.3 9.5 13.08 13.6 
Cladding 
Thickness [mm] 
0.57 0.55 0.81 0.57 0.38 0.9 
Fuel Pellet 
Diameter  [mm] 
11.57 10.62 10.4 8.19 12.15 11.50 
Fuel Pellet 
Height  [mm] 
14 12.0 10.4 8.30 16.04 15.00 









Fill Gas  Helium Helium Helium Helium -- Helium 
Fill Gas Press. 
(absolute) [bar] 
22.5 22.5 3 – 7 20-30 -- 5 
Fuel Material UO2 UO2 UO2 UO2 UO2 UO2 
Cladding 
Material 
Zr-4 Zr-4 Zr-2 Zr-4 Zr-4 ZrNb 
Tab. 3 – Comparison between CNA-2 and main NPP design. 
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Fig. 2 – Fuel Assembly: drawing (a) and cross-section (b). 
3.2.2 Reactor Coolant System (JF)  
It consists of two identical loops each comprising one steam generator, one reactor 
coolant pump and the interconnecting reactor coolant piping together with the 
pressurizing and pressurizer relief system. 
Atucha-II Reactor Coolant System is very similar to the traditional primary system 
of a PWR with two coolant loops. For each loop, the coolant from the RPV outlet is 
send toward a U-tube steam generator, where it transfers its thermal energy to the 
secondary fluid to produce steam. Thereafter, a reactor coolant pump receives the 
fluid from the SG outlet, increases its pressure and pumps it toward the reactor. 
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After entering the reactor pressure vessel, the coolant, with exception of 1% 
bypassed to the RPV closure head, flows downward through the downcomer 
(between inner vessel wall and moderator tank outer wall), reaches the lower 
plenum and splits up into the 451 coolant channels (a minor part flows also in the 
gap between the CCs). The coolant cools down the fuel rods during its flowing 
upward and then it reaches the upper plenum above the moderator tank. Here the 
total coolant flow rate gathers again and reaches the reactor vessel outlet (Fig. 1, 
Fig. 3 and Fig. 4). 
In order to impose coolant and moderator pressure and to damp pressure 
oscillations, a pressurizer is connected to one of the two coolant loops by mean of 
the surge line that connects a hot leg to the pressurizer. 
In Fig. 4, the pressurizer relief system (JEG) and pressurizer spray line (JEF) are 
also shown: JEG consists in essence of the pressurizer valves and the relief tank it 
and is connected to the pressurizing system by the safety valves flanged on to the 
relief tank dome. JEF connects the two cold lines (after MCP) to the pressurizer 
sprays. The pressurizer relief system serves to condense and remove the steam 
blown down via the pressurizer safety valves while the spray system serves to 
condense steam and to reduce primary pressure by mean of cold water, each 
spray line split into two lines connected to the pressurizer dome. 
 
Fig. 3 – Reactor coolant piping and pressurizing systems. 
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Fig. 4 – Reactor coolant system: logical layout. 
3.2.3 Reactor Moderator System 
The particular aspect of Atucha-II is the Moderator System. This system (Fig. 5) 
consists of four identical loops each comprising one moderator cooler, one 
moderator pump, the interconnecting piping and the valves necessary for isolation 
and changeover. Considering one of the 4 loops, the moderator from the RPV 
outlet is send toward an horizontal countercurrent U-tube heat exchanger, the so-
called “moderator cooler”, where it transfers its thermal energy to the main 
feedwater, in order to preheat this before entering the steam generator. The 
moderator at the outlet of the moderator cooler is then pumped toward the reactor 
pressure vessel by means of a “moderator pump”. The moderator enters into the 
reactor pressure vessel by means of 4 vertical tubes, which penetrate into the 
vessel closure head and reach the bottom of the moderator tank. At the end of the 
4 tubes, a ring header receives the moderator and distributes it to the tank. The 
moderator is then collected in the upper part of the tank and flows out of the vessel 
by means of 2 outlet tubes at the same level of the coolant nozzles. Out of the 
vessel, the moderator flow rate from these 2 tubes is split up to the 4 moderator 
loops. By this way there is no direct contact between moderator and coolant in the 
“active region”. 
Although the moderator is maintained at a lower temperature than the coolant, they 
are maintained at the same pressure of nearly 11.5 MPa during normal operations. 
This task is achieved with the pressurizer so coolant and moderator are not 
completely separate, since a small and controlled mass exchange takes place in 
special equalization ports inside the reactor pressure vessel but far from the active 
part (in the moderator tank closure head). 
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In addition to maintaining the average moderator temperature during power 
operation irrespective of the coolant temperature, the moderator has the following 
tasks: 
 Removal of residual heat from the shutdown reactor and of the heat stored 
in the primary system during cooldown and when the plant is in the cold 
condition. 
 Use of the moderator loops for Emergency Core Cooling (ECC) and 
Residual Heat Removal (RHR) by cooling and injection of moderator into 
the coolant, and cooling of the water injected by the safety injection pumps 
from the containment sump. 
 
Fig. 5 – Moderator system layout. 
 
3.2.4 Steam Generators and Main Pumps 
The two steam generators are natural circulation, U-tubes bundle heat exchangers. 
The reactor coolant enters the hot leg U-tubes to transfer the power it has 
absorbed to the secondary side. After releasing his heat, the reactor coolant 
passes through the cold out-let plenum to the cold leg reactor coolant line. 
The feedwater (secondary side) is preheated in the moderator coolers, and then 
enters the SG by mean of a nozzle located in the steam plenum. A ring header 
below the nozzle distributes the feedwater in the down comer where it is mixed with 
the water separated out in the SG cyclones and driers. In the riser it evaporates on 
the U-tubes and leaves the SG via the cyclones and driers as saturated steam. 
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3.2.5 Bypass Flows in the Primary System 
Several bypass flow paths are present in the CNA-2 design. Fig. 6 shows a 
scheme of the most relevant bypass together with an evaluation of the relative 
mass flowrate with respect to the nominal in-core mass flow. The following bypass 
have been identified: 
1. Downcomer → Lower Filler gap → Lower Plenum 
2. Downcomer → Upper Filler gap → Upper Plenum 
3. Lower Plenum → Moderator Tank 
4. Moderator Tank→ Upper Plenum 
5. Downcomer → Moderator outlet nozzle 
6. Downcomer → Hot Leg 
7. Loop Seal → Main Coolant Pump 
8. Cold Leg → Pressurizer 




Fig. 6 – Bypass flow paths in primary system, and relative mass flowrate. 
3.2.6 Thermal Power Exchange from Coolant to Moderator 
Owing to the different operative in-core temperature of coolant and moderator, they 
undergo to thermal power exchange (additional to those caused by mass 
exchange). Fig. 7 shows the thermal power exchange between coolant and 
moderator, listing the relative amount with respect to the overall nominal core 
thermal power. 
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Fig. 7 – Coolant to moderator thermal power exchange, and relative amount. 
3.2.7 Residual Heat Removal (KAG) and Safety Injection System 
(JND) 
The most important conditions of the plant are three: normal operation depicted in 
Fig. 8, residual heat removal configuration (Fig. 9), emergency core cooling 
configuration (Fig. 10). The tasks involved in JND and RHR are performed by 
changing over the moderator system to the RHR configuration: the isolating gate 
valves in the RHR suction lines are opened and the normal configuration valves 
are closed. 
In RHR configuration (Fig. 9) the moderator system is of four-train redundancy, as 
required. The RHR injection lines by mean of the bypass valves inject can inject: in 
hot and cold leg (circuits 1 and 4), in upper and lower plenum of RPV (circuits 2 
and 3 respectively). Two out of the four loops are capable of removing the power 
generated. 
The safety injection system (or ECC system) serves to mitigate consequences of 
loss of coolant accidents. It is subdivided in two subsystems each of four redundant 
train configuration (Fig. 10): 
 Accumulator injection system consists of pneumatic accumulators and 
water tanks. The system is connected to the RHR injection lines by means 
of rupture discs. It is required for core reflooding in the event of large and 
medium breaks. 
 The sump injection system is connected to the moderator coolers by mean 
of rupture discs. The system is constituted by water flooding tanks. It 
serves core reflooding and for long term emergency RHR system. 
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Fig. 8 – Primary system in normal operation. 
 
 
Fig. 9 – Primary system in RHR configuration. 
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Fig. 10 – ECC configuration. 
3.2.8 Boron Injection System (JDJ) 
The Fast Boron Injection (FBI) system is the back shutdown system. It is based on 
four injection lances which penetrate the RPV and reach the moderator tank 
interior, and through which a highly borated solution is injected, driven by 
pressurized air upstream of the tanks containing the boron solution. As shown in 
Fig. 11, each line contains: a pressurized air tank, a fast acting valve, 2 boron 
tanks, a rupture disk device and an injection lance. 
In detail the primary system places the following requirements on this system: 
 Shutdown and maintenance of subcriticality of the reactor on loss of 
Control Rods (CR) function. Should a given number of CR not reached 
their end position three seconds after reactor shutdown signal, boron 
injection is started by the reactor protection system.  
 This function is actuated when limits such as primary pressure too high or 
reactor power too high are reached. The FBI has been designed with the 
strict regard to safety aspect. 
 Shutdown and maintenance of sub-criticality of the reactor in the event of a 
LOCA. (Boric acid is injected immediately into the moderator system). 
 Maintenance of reactor sub-criticality by slow metered boric acid injection 
by the FBI via throttling valves after Xenon reduction and unavailability of 
the control volume system (the KBA system in the German 
documentation). 
Two out of four trains must be available to satisfy the requirements. Further details 
on FBI system in Section 6.1. 
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Fig. 11 – Layout of a line of the Fast Boron Injection system. 
3.2.9 Pressurizing Spray Systems 
Pressurizer spray systems are constituted by the pressurizer normal spray system 
and the auxiliary sprays. The normal sprays comprise the main spray lines that 
consist of two lines each splitting in two spray lines that connect each cold leg after 
cooling pumps to the sprays boxes. The connection is achieved by mean of four 
valves that are closed in normal operation and open when the pressures in the 
primary side increase. 
The auxiliary spray of the volume control system connects via a separate spray line 
and separate spray box to the pressurizer. They serve to reduce the system 
pressure in case of loss of normal sprays function. This system differently from the 
previous can acts also if cooling pumps are not available. 
3.2.10 Volume Control System (KBA) 
It is split in three subsystems capable to fulfilling individual functions: 
1. Operational volume control system is connected to the reactor coolant 
piping via two charge lines (connected to each cold leg) and one letdown 
line (connected to a cold leg). This system is also connected to the 
moderator system by mean of two charge lines and four letdown line (one 
for each circuit connected between moderator pump and moderator 
cooler). In normal operation the letdown line connected to the coolant 
piping and the charge line connected to the moderator piping are kept 
open. This system fulfills: 
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 Filling and pressurizing the reactor, reactor coolant and moderator 
systems prior to start up. 
 Compensation of volume changes in the primary side. 
 D2O chemical treatment. 
 Boron injection for reactivity control. 
 Coolant supply for the refuelling machine 
 Coolant reserve during leakage in primary circuit. 
 Injection of the secured coolant reserve during a leakage in the 
primary system. 
 Injection of a continuous leak-off flow to the high pressure seal of 
the reactor coolant pumps. 
2. Leakage compensating system as to be seen as a redundancy of the 
normal volume control system. It can acts in case of LOCA and inject 
independently of the normal control volume system into the moderator 
system. It is constituted of two suction lines and two compensating pumps 
each of them branch into two other injection lines. 
3. Finally the system is connected also with pressurizer via auxiliary spray 
line. The subsystem pressurizer relief tank cooling via the D2O circulating 
pumps fulfills: 
 Cooling of the fluid blow-down by the pressurizer safety valves. 
 Level regulation and purification of the liquid in the pressurizer 
relief tank. 
3.3 Secondary System 
A simplified overview of the CNA-2 secondary side is presented in Fig. 12. The 
steam is transferred from the two SG to the turbines by mean of two main steam 
lines. In these lines several valves are provided to isolate secondary side to the 
primary and to bypass the turbines. There are three turbines: one HP and two LP 
turbines. Between HP-LP and LP-LP the steam passes into a moisture separator 
that serves to dry the steam. 
Exhaust steam then is transferred to two condensers. From the condensers begin 
the regeneration line that is composed by a cascade of low pressure pre-heaters 
that preheat the water by mean of steam extracted from the turbines. The water is 
stored in the feedwater tank from here three high pressure suction lines provide 
water to the two SGs. 
The peculiarity of CNA-2 is the HP feedwater pre-hating that is performed by 4 
moderator coolers (heat exchangers that transfer heat from the moderator loop to 
the two feedwater lines). In the next discussion the attention is focused on the main 
steam and feedwater lines, on turbine bypass system and on condensers. General 
data of the secondary side are reported in Tab. 4. 
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Fig. 12 – Simplified overview of secondary side and thermal balance. 
3.3.1 Main Steam Line (LBA) 
This system satisfied the following functions: 
 During normal operation it transfers the steam from the SG to the HP 
turbine. 
 During operation in partial load and in case of TUSA it transfers steam 
from SG to feedwater tank and to the steam auxiliary collector. 
 During operation in turbines bypass it transfers the steam to the SG to the 
condenser by mean of the by pass valves. 
 If required it isolates the reactor building by mean of main isolating valves 
located inside a special containment between the reactor building and the 
turbine building (UJE). 
 It limits the steam pressure increase by mean of the relief valves. 
A valves station is located inside a special valves compartment (UJE): 
 Main Steam Isolation Valve (MS-IV): is the closure valve of the main steam 
line. During normal operation this valve is open and closes quickly in case 
of drop of pressure caused by a steam line break. It closes quickly also if 
the activity level in the SG is above the acceptance threshold. 
 Main Steam Pressure Relief Isolation Valve (MS-PRIV): this valve is closed 
in normal operation and it opens in case of pressure increases in the 
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steam line in this case the relief valves are used to reduce steam line 
pressure. 
 Isolation Valve Upstream of Main Steam Safety Salve (MS-IVUSV): this 
valve is open during normal operation and it closes is the safety valve fails 
in open position.  
 Main Steam Safety Valve (MS-SV): this valve serves to protect the SG 
against excessive pressure levels, it is closed in normal operation and it 
opens if the pressure reaches a setpoint. 
 








Side (full load) 
Inlet feedwater temperature[°C]: 170.7 (160.3) 
Outlet steam temperature [°C] / title [%]: 271 / 99.75 




Operative pressure [MPa]: 5.49 
Main steam line 
MS-SV: 1 per line 
MS-IV: 1 per line 
Steam relief control valve: 2 per line 
Turbines 
HP / LP turbines number: 1 / 2 
HP inlet / outlet steam mass flow [kg/s]: 957.13 / 956.03 
HP inlet / outlet steam pressures [MPa]: 5.362 / 0.621 
LP inlet / outlet steam mass flow [kg/s]: 824.46 / 662.133 
LP inlet / outlet steam pressures [MPa]: 0.596 / 0.0501 
Number of steam extractions: 3 
Condenser 
Type / number: KPE92x52-1TSS153 / 2 
Heat exchange surface per condenser [m
3
]: 35690 
Operating pressure [MPa]: 0.038 
Feedwater 
line 
N° of feedwater pumps: 3 (2 in operation) 






Feedwater inlet temperature [°C]: 121 
Feedwater outlet temperature [°C]: 175.4 (237.4) 
Mass flow rate per Moderator Cooler [kg/s]: 239.3 (81.9) 
Tab. 4 – CNA-2 NPP: main features of secondary side. 
3.3.2 Condenser and Condensing System (MAG) 
The function of the condensing system (MAG) is to condense the steam exhausted 
from the two low pressure turbines and to produce and maintain as high a vacuum 
as possible (in order to increase the enthalpy drop in the turbine). The two 
condensers are also designed to accommodate steam from turbine bypass line. 
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3.3.3 By pass System (MAN) 
In case of unbalance between the main steam mass flow generated in the SGs and 
the steam required by the turbines the bypass system is actuated and the excess 
of steam is discharged into the condensers in a controlled manner. 
The bypass system (MAN) comprises 4 identical assemblies, each combining one 
stop and one control valve. An orifice is incorporated in every bypass steam inlet 
for a second supercritical expansion downstream of the bypass control valve. Thus, 
inadmissible exposure of the condenser is reduced by the staged supercritical 
expansion. Attemperator water from the condensate injection water system is 
injected into the orifices via 2 staggered attemperator water injection valves; the 
function of these components is to reduce the steam pressure. 
The bypass system (MAN) is designed to cope 80% of the rated main steam mass 
flow at rated main steam pressure also if one out of four bypass assemblies fails 
(condition n-1). On the other hands if the pressure is not reduced the protection 
system of the condensers close the bypass valves if the condenser pressure 
increase beyond a setpoint. 
3.3.4 Feedwater Line (LAB) 
This system provides feedwater from the tank to the SG. Starting from the 
feedwater tank (LAA) there are three suction feedwater separated lines (2/3 used 
in normal operation). For each suction line there is/are: two valves (one control, 
one safety valve), one low velocity booster pump, one filter and one main 
feedwater pump (LAC). The suction lines provide water into a common line that 
split into two lines before the UJE compartment where. In the UJE there is one 
isolation valve per line. In the UJA containment each line is preheated by two 
moderator cooler heat exchangers.  
Two moderator cooler heat exchangers bypass lines are provided in case of low 
temperature of the moderator. After the MO coolers the two lines are connected by 
a balance line that is equipped with two quick valves (they close in case of break of 
one of the two lines). The balance line provides equal conditions in the two lines. 
After this connection a control valves station is provided in each line: one block 
valve, one control valve. These stations can be bypassed by the low charge 
bypass lines. Each line ends in one SG feedwater inlet. 
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3.4 Description of CNA2 RPV and its Internals 
This Section provides a synthetic description of the geometric features of CNA2 
RPV and its internals, which are relevant for the development of CFD 
computational grids. The information provided is based on the NA-SA and Siemens 
drawings that have been supplied by NA-SA to UNIPI. 
Fig. 13 shows a longitudinal cross section of the RPV, along with the identification 
of the main internal components, which can be listed as follows: 
 Lower/upper filler 
 Moderator tank 
 Moderator tank closure head 
 Coolant channels 
 Moderator inlet/outlet system 
 Boron injection lances 
 Control rod guide tubes  
 Instrumentation guide tubes 
 
 
1) Upper filler 
2) MT closure head 
3) MT 
4) Lower filler 
5) Coolant channel  
(1 out of 451) 
6) Control rod guide tube  
(1 out of 18) 
7) Instrumentation guide tube  
(1 out of 24) 
8) Boron lance  
(1 out of 4) 
9) Moderator downcomer  
(1 out of 4) 
10) LP grid structure 
11) MT-RPV spacers 
12) Moderator distribution ring 
13) Moderator suction 
14) Hole for coolant-moderator 
pressure equalization  
(1 out of 4) 
15) reinforcing tube around 
coolant channel  
(1 out of 67) 
Fig. 13 – RPV vertical cross section. 
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3.4.1 Reactor Pressure Vessel 
CNA-2 RPV is quite similar to that of common PWRs, although it is considerably 
larger (inner diameter = 7370 mm; total height = 14068 mm). 
The RPV bottom is a hemispherical shell (175 mm thick, including the stainless 
steel liner). “Spacers” for the moderator tank supports for the lower filler are welded 
on the inner side. The central part is a cylindrical shell (296 mm thick, including the 
stainless steel liner), welded to the bottom. Both the bottom and the central parts 
have no penetrations. The bottom bears the weight of the lower filler and transmits 
it to the cylindrical part. 
Above (and welded to) the cylindrical shell is the nozzles region, which connects to 
the coolant loops, the moderator circuit and the safety injection system and thus 
has several penetrations, and a flange on the top. 
The penetrations on the belt line are shown in Fig. 14; they are arranged according 
to an anti-symmetric layout (invariance with respect to a 180° rotation around the 
vertical axis) and can be listed as follows: 
 2 inlet nozzles (large blue arrows) 
 2 outlet nozzles (large red arrows) 
 2 nozzles for hot safety injection (thin red arrows) 
 2 nozzles for cold safety injection (thin blue arrows) 
 2 nozzles for moderator suction  (short red arrows) 
 2 nozzles for fuel failure detection system (green dotted lines) 
Fig. 14 also shows the four supports, which are welded on the RPV external wall 
and carry the entire weight of the PRV with all its internal (transmitting such weight 



















Fig. 14 – Penetrations on the RPV belt line. 
April 2011 - 55 - University of Pisa 
 
Terzuoli Fulvio – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Page 55 of 282 
The RPV is covered on the top by a closure head, formed by a large flange and an 
ellipsoidal shell. The penetrations present on the closure head are listed below and 
identified in Fig. 15. 
1. Fuel channels 
2. Moderator inlet 
3. Control rods 
4. Boron injection lances 
5. Instrumentation 
The geometrical features of the RPV closure head are not relevant for the 
purposes of the present work, since this component is not connected to any of the 






























Fig. 15 – Penetrations on the RPV closure head. 
3.4.2 Lower/Upper Filler 
The “lower filler” (see Fig. 13 and Fig. 16) is a (roughly) hemispherical assembly of 
stainless steel blocks, which fills most of the lower plenum volume, with the 
purpose of reducing the heavy water inventory contained in the RPV (and thus the 
related costs). As a results, the lower boundary of the lower plenum is not an 
ellipsoidal or hemispheric wall (like in common PWRs), but rather a roughly 
horizontal surface (slightly sloping on the periphery). 
In cold conditions, the distance between the lower filler upper surface and the lower 
edges of the grid structure connected to the moderator tank (see below) is 
approximately 8 cm. 
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Fig. 16 – Lower filler. 
One “upper filler” is located, with the same purpose, also in the upper part of the 
RPV, as show in Fig. 13 and Fig. 17. This body is placed between the RPV closure 
head and the moderator tank closure head, thus filling most of the volume that, in a 
common PWR, would form the upper plenum. 
The upper filler has many penetrations allowing for the fuel assemblies guide 
tubes, moderator downcomers, control rods guide tubes, boron lances, and 
instrumentation. 
The geometrical features of the upper filler are not relevant for the purposes of the 




Fig. 17 – Upper filler. 
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3.4.3 Moderator Tank & Grid Structure 
The moderator tank (MT, see item 3 in Fig. 13, and Fig. 18) has the following 
functions: 
 Separating the cold coolant flowing downwards in the downcomer, from the 
core region 
 Containing the moderator (such as the “calandria” in CANDU-type 
reactors) 
 Bearing the weight of the moderator and of the core and transmitting it to 
the RPV flange (through the MT flange) 
The diameter variation in the MT wall below the nozzles region yields a relatively 
small downcomer thickness (11.4 cm). The corresponding downcomer thickness to 
diameter ratio is 0.03, which is four times smaller compared to a common PWR. 
A CAD representation of the grid structure is shown in Fig. 19-a. As can be seen 
from the figure, the grid consists of 16 vertical plates, welded to the MT lower plate, 
arranged according to a rhomboidal scheme and thus forming 65 “rhomboidal sub-
plena” (see Fig. 19-b). 
 
 
Fig. 18 – NA-SA CAD model of the Moderator Tank (with closure head). 
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Fig. 20 includes a couple of pictures showing the details of the grid geometry. 
Horizontal thick plates are connected to the lower edges of the grid (Fig. 20-a). 
Moreover, interconnections are present between adjacent sub-plena, as shown in 
Fig. 20-b. Such openings are adjacent to the MT lower plate and are located at the 
cross junctions between the vertical plates. 
The height of the vertical elements is 60 cm in the central region, and linearly 
decreases to 40 cm in the peripheral region (so as to leave a larger open volume 
for the coolant coming from the downcomer). 
Nine coolant channels (according to a 3x3 rhomboidal pattern) correspond to each 
of 43 sub-plena located in the central region. A smaller number of channels 
correspond to each of the peripheral sub-plena. 
The fluid volume defined by the grid structure represents a considerable portion of 




Fig. 19 – Grid structure at MT bottom: NA-SA CAD model (a) and drawing (b). 
  
(a) (b) 
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The following penetrations are present in the upper part of the MT cylindrical wall: 
 Coolant outlet (connections to 2 hot leg nozzles on RPV) 
 Moderator outlet (connections to 2 outlet nozzles on RPV) 
 Hot safety injection (connections to 2 nozzles on RPV) 
 Fuel failure detection system (connections to 2 nozzles on RPV) 
3.4.4 Moderator Tank Closure Head 
The MT closure head is located in the upper part of the MT, and below the upper 
filling body (see Fig. 21). It has the purpose of collecting the hot fluid exiting from 
the coolant channels (forming an “upper plenum”) and keeping it separate from the 
moderator.  
This component consists of a cylindrical shell, a lower perforated plate and an 
upper perforated shell. 
The cylindrical wall has the same penetrations as the MT (i.e. coolant outlet, 
moderator outlet, hot safety injection, instrumentation). Moreover, 4 holes are 
present (500 m diameter) to allow pressure equalization between moderator and 
upper plenum (so as to avoid undesirable mechanical stresses and deformations). 
The resulting moderator-UP connection is located in the thin space between the 
MT and the MT closure head vertical walls, therefore a relatively small moderator-
coolant mass exchange is expected. 
The upper plenum is crossed by the fuel assemblies guide tubes, the control rod 
guide tubes, the instrumentation channels, and the boron injection lances. 
In order to increase the MT closure head stiffness, 67 reinforcing tubes (of three 
different geometries) are connected to the lower plate and the upper shell. A 
detailed drawing of the reinforcing tubes is shown in Fig. 22. Each tube has 




Fig. 21 – MT closure head (red dotted line). 
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Fig. 22 – MT closure head reinforcing tubes. 
3.4.5 Moderator Inlet/Outlet System 
The moderator enters the RPV through the four penetrations already shown in Fig. 
15 (item 2). Four long tubes (26.5 cm diameter), referred to as the moderator 
downcomers (Fig. 23), lead the fluid to the bottom of the moderator tank (after 
crossing the upper filler and the MT closure head), where they connect to a 
distribution ring (Fig. 23). The ring has many small holes which inject the moderator 












Fig. 23 – Moderator inlet/outlet system. 
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The “hot” moderator is drained from the MT by a suction ring located in the upper 
part of the tank, close to the diameter variation. A couple of tubes connected to the 
suction ring lead the moderator outside the MT and the RPV through the 
penetrations already shown in Fig. 14. 
3.4.6 Core Coolant Channels 
The coolant flowing through the Down Comer (DC) collects into the narrow volume 
available in the Lower Plenum (LP) together with the rhomboidal sub-plena of the 
MT bottom, and then it flows into the fuel assembly guide tubes, the so-called 
Coolant Channels (CC). Such tubes separate the coolant from the moderator in the 
core region, starting from the MT lower plate up to the RPV closure head. The 
connection between the guide tube and the MT lower plate (the so-called “CC inlet” 
region) is shown in Fig. 24. Each connection provides a coolant bypass flow from 
the LP to the MT, which is estimated to be around 2 l/min per channels, i.e. 12.7 
kg/s total. 
A sieve is located at the inlet of each channel in order to break the turbulent eddies 
and reduce the potential occurrence of vibration phenomena on the fuel assembly; 
the sieve act also as a filter for avoiding debris to enter in the channel (Fig. 24-b). 
The “hot” coolant exits from the CC through openings located in the MT closure 





Fig. 24 – Coolant channel inlet: cross-section (a) and CAD representation (b). 
University of Pisa - 62 - April 2011 
 
Page 62 of 282 – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Terzuoli Fulvio 
In order to obtain the designed coolant flow rate distribution over the core, four 
different types of flow limiting devices (the so-called “throttles”) are placed at the 
inlet of peripheral channels just below the Fuel Assembly (FA) lower support plate, 
as depicted in Fig. 24-a. Through the adoption of four different throttles for the 
peripheral zone of the core (198 channels in total) together with the 253 unthrottled 
channels in the central zone, the reactor core results to be subdivided into five 
different Hydraulic Zones (HZ) as depicted in Fig. 25, each of them associated with 
a coolant mass flow rate as listed in Tab. 5. Such configuration is the final 








# of CC 
Nominal Mass 
Flow rate [kg/s] 
1 1b 30 9.285 
2 2b 36 11.70 
3 3b 42 15.08 
4 5c 90 21.27 
5 no 253 27.73 
Tab. 5 – Relevant parameters of the Hydraulic Zones. 
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3.4.7 Boron Injection Lances 
In addition to the “normal” shutdown system, represented by the control rods, the 
CNA-2 reactor is equipped with a secondary shutdown system based on the fast 
injection of boric acid solution (D3BO3) into the moderator tank, driven by 
pressurized air. Such system is designed based on a “0.1 A” rupture LOCA, and is 
meant to act in case of failure of the primary shutdown system (control rods 
insertion). 
The borated solution is led to the MT by a piping system that ends with four 
injection lances, already shown as item 8 in Fig. 13. The layout of the lances is also 
shown in Fig. 26. 
Each lance is formed by two concentric tubes of different diameter, which 
superimpose for a portion of their length (165 cm) thus forming a “coaxial” zone. 
Two rows of 17 small holes (~1 cm diameter) with different orientations (55° to 85° 
with respect to the tube axis) are drilled on the outer tube within the coaxial zone, 
whereas two rows of 8 holes (same diameter; 30° to 60°) are present on the inner 
tube, outside the coaxial zone; a central hole (~4 cm diameter) is located at the 











Fig. 26 – Layout of boron injection lances. 
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Fig. 27 – Details of the boron lance (CAD model). 
3.5 Fuel Management 
The Atucha-II plant is operated with an on-power re-fueling that is performed by a 
refueling machine. After the equilibrium burnup is reached (max. 7.8 MWd/kgU), 
the refueling is performed in order to move each FA just three times during its 
lifetime. Thus, a fresh FA is introduced into the core in a position and kept there 
until it reaches a certain burnup (transition burnup). Then it is moved to its final 
location, where it is irradiated up to the discharge burnup. 
Fuel burnup zones are represented in Fig. 28 and are described below. The  
re-fueling is performed under the following rules (Ref. [20] and [21]): 
 the FA stay in the core in two positions. They are introduced fresh in one 
FC, stay in that FC until they reach a certain burnup, then they are moved 
to another FC, and stay there until they reach the exit burnup. 
 With respect to fuel management, the FC are divided in three “paths”, and 
each “path” has two burnup zones; the FA enter the zone with lower 
average burnup, then is moved to the other zone (of the same “path”) until 
it reaches the exit burnup of the path. 
 The selection of the re-fueled FC is done by the plant physicist after he has 
calculated power and burnup distributions. He searches for the FA with 
highest average burnup, and that one is taken out from the core; then he 
searches for the FA of the other zone of the same path, and moves it to the 
other FC, putting a fresh FA in it. He should verify compliance with the FC 
and linear power limits and power ramp failures (Pellet Cladding 
Interaction, PCI) prevention criteria. He should also try to keep an 
approximately symmetric power distribution in each of the six azimuthal 
sectors of the core. In case he has problems with the compliance of the 
criteria, he may introduce variations in the selection of the FC, like not to 
choose the one with the highest burnup but the following one. 
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 In practice, all FCs, and the 10 axial sectors of each FC have burnups 
between the value at which the FA enters the channel (which may be zero 
for some channels), and the value at which it leaves the channel, which 
may be the exit burnup for some FC. 
The calculation of power and burnup distributions required for fuel management for 
CNA-II is done with the PUMA code (Ref. [20] and [21]). There are three refueling 
paths, as summarized hereafter, and reported in Fig. 28: 
 Path 1: Fresh fuel enters zone 6, stays until a transition burnup, then 
moves to 5, stays until it reaches the exit burnup and leaves the core. 
 Path 2: Same for zones 2 and 4. 
 Path 3: Same for zones 3 and 1. 
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Fig. 28 – Fuel burnup zones. 
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4. 2A-LOCA SCENARIO IN ATUCHA-II NPP 
Loss of coolant accidents mean those postulated accidents that result from the loss 
of reactor coolant at a rate in excess of the capability of the reactor coolant makeup 
system from breaks in the reactor coolant pressure boundary, up to and including a 
break equivalent in size to the double-ended rupture of the largest pipe of the 
reactor coolant system. 
A peculiarity of the Atucha-2 design is the positive void reactivity coefficient. This is 
a characteristic in common to other heavy water moderated reactors that utilize 
natural uranium as fuel. This implies that after a 2A-LOCA event, the fission power 
peak at the very beginning of the transient is controlled by the void formation in the 
core channels, and then it is determined by the pressure wave propagation from 
the break. Indeed, the moderator is still liquid and flashes delayed with respect to 
the coolant, thus the LOCA event is also a Reactivity-Initiated Accident (RIA) event. 
The Double Ended Guillotine Break LOCA (DEGB LOCA or 2A LOCA) constitutes 
the „historical‟ event for the design of Emergency Core Cooling Systems (ECCS) in 
Water Cooled Reactors and is primarily adopted in vessel equipped NPPs. It is 
assumed that the largest pipe connected with the Reactor Pressure Vessel (RPV) 
can be broken: two end breaks are generated, typically at the RPV side and at the 
Main Coolant Pump (MCP) side. 
In the case of Atucha-II the history of the construction and the agreement between 
the Regulatory Authority and the Utility brought to the exclusions of the 2A LOCA 
from the list of the Design Basis Accidents (DBA). Therefore, it belongs to the 
category of events Selected Beyond Design Basis Accidents (SBDBA). 
4.1 Phenomenological Windows 
Four Phenomenological Windows (Ph.W) are identified based on the key 
phenomena and the relevant thermal-hydraulic aspects occurring in Atucha-2 2A 
LOCA, as shown in Fig. 29: 
I. fission power excursion; 
II. CHF occurrence and clad temperature excursion; 
III. quenching and fuel channels refill; 
IV. long term cooling. 
These phases or Ph.W are adopted instead of the classical „Blow-down‟, „Refill‟ 
and „Reflood‟ phases adopted in systematic studies of the LBLOCA in PWR  
(Ref. [22]). 
4.1.1 I Ph.W. – Fission Power Excursion (RIA) 
From the start opening of the break till the time when total fuel energy achieves 
90% of the value attained when power equals the decay value (this is to ensure 
that the RIA part of the transient is terminated and to include in this period possible 
damage mechanisms originated by energy deposition in the fuel. The duration of 
the first Ph.W is of the order of one second. The propagation of the 
depressurization wave originated at the break and the consequent occurrence of 
the fission power peak are the characterizing phenomenon. Start of the Critical 
Heat Flux (CHF) condition occurs in this period. 
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4.1.2 II Ph.W. – CHF Occurrence & Clad Temperature Excursion  
The second window lasts from the end of the previous window till (roughly) the time 
of actuation of accumulators. The duration of the second window is of the order of 
ten seconds. The widespread of the CHF condition and the rod surface 
temperature excursion including the occurrence of the peak cladding temperature 
and the related turnaround caused by liquid flashing and by flow reversal in the 
core, are the characterizing phenomena. Containment pressurization also occurs 
during this Ph.W. 
4.1.3 III Ph.W. – Quenching & Fuel Channels Refill 
The third window ends when liquid level (mixture) fills all the core channels. At the 
beginning of the Ph.W. early quench occurs noticeably before the actuation of 
emergency systems and is caused by flow reversal in the core and flashing. The 
ECCS intervention keeps the clad temperature down and is necessary for refilling 
of the fuel channels. The duration of the third phenomenological window is of the 
order of a few minutes. In this period equalization of pressures between 
containment and primary circuit occurs. 
4.1.4 IV Ph.W. – Long Term Cooling 
The fourth Ph.W implies the continued containment sump recirculation operation 
and ensures the „post-LOCA long term‟ core cooling. The behavior of the sump 
(liquid level and temperature, other than debris effect), the performance of the SIP 
and the level distribution (and stabilization) in the primary loop constitute the 
characterizing thermal-hydraulic phenomena. 
 
 
Fig. 29 – Definition of the LBLOCA  phenomenological windows. 
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4.2 Key Aspects of CNA-2 Relevant to LB-LOCA 
This Section outlines specific (LOCA-related) Atucha-2 aspects and main 
differences between PHWR and PWR relevant to LBLOCA, providing a relative 
quantification of a few parameters that are LBLOCA relevant. 
4.2.1 Primary system components 
Recirculation pumps, steam generators and pressurizer (excluding the total volume 
in this last case) are not supposed to be at the origin of any difference during the 
LBLOCA scenario between PHWR and PWR, as already mentioned. Vice-versa, 
the RPV layout and the core configuration show differences that may impact the 
same scenario. Differences and expected impact are given below. (In the adopted 
terminology, the terms like „smaller‟ relate to Atucha-2 with respect to typical PWR. 
Furthermore, the classical Ph.W used for PWR are considered). 
 Small lower plenum region. The LP region is smaller because of the 
presence of metal fillers introduced „to save‟ the heavy water coolant mass. 
Thus, pressure drops in lower plenum may be larger than in PWR and the 
uniformity of flow in the fuel channels is challenged. This aspect is relevant 
to the mixing in LP region and has been the subject of proper investigation 
by CFD code, e.g. ref. [8]. The influence during the LBLOCA/Blow-down 
period are connected to higher resistance to flow reversal (CL break) and 
flashing: the former phenomenon may result beneficial for core cooling, the 
latter may be negative for core cooling if less liquid is entrained in the core 
region but also beneficial because the ECC bypass phenomenon may 
result smoothed. During the LBLOCA/Reflood period, the small LP volume 
may be beneficial because of the lower volume to be filled before starting 
core flooding. 
 Small upper plenum region. The UP region is smaller for the same reason 
above. Pressure drops in UP are not expected to be affected because in 
the Atucha-2 a smaller number of CRDT are installed per unit UP volume. 
However, mixing in UP region can be affected and has been the subject of 
proper investigation by CFD code, e.g. ref. [9]. UP behavior during the HL 
injection period (i.e. top-down LBLOCA/Reflood) is not expected to be 
different. 
 Presence of individual core channels. Bounded channels with openings are 
installed in VVER-440 and closed core boxes in BWR core (CANDU, 
Indian PHWR and RBMK cores are also constituted by individual bounded 
channels). The presence of fuel channels shrouds, or channel walls, is not 
reported to have significant effect in case of LOCA in VVER-440 and BWR. 
Cross flows among channels are prevented, thus creating the potential for 
impact upon the transient evolution in case of fuel channel blockage. In 
case of LBLOCA channel blockage might be originated by fuel rod 
ballooning; thus ballooning analyses in Atucha-2 reactor are recommended 
including evaluation of consequences. 
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 Long core active region. The active core region in case of Atucha-2 is 5.3 
m whereas active core region in all PWR and VVER is close to 4 m or less, 
with core equivalent (or hydraulic diameter) being the same or very similar 
in all cases. Increased core pressure drops and longer reflood times 
(quench front advancement) are expected in case of Atucha-2. 
 Presence of the moderator tank. The roles of the heavy water stored in the 
moderator tank in case of LBLOCA in Atucha-2 are: a) it allows the 
diffusion of the liquid poison following injection; b) it flashes when primary 
system pressure reaches the saturation value corresponding to the 
nominal temperature; c) it constitutes a heat sink for the superheated 
channel walls during the initial phase of the LOCA and, later on when ECC 
liquid enters the channels and warmer fluid is present on the moderator 
side, it constitutes a heat source for the core channels. The phenomenon 
at item a) is relevant to stop the fission power excursion. The phenomena 
at items b) and c) are characterized by „small‟ energy content per unit time 
compared to other LBLOCA phenomena (e.g. thermal energy loss through 
the break or associated with decay power). However, the possibility that 
boron is lost in case of flashing, phenomenon b), needs a specific 
investigation although the loss of boron implies the loss of moderator and 
then a negative overall contribution to the reactivity.  
4.2.2 Primary system parameters 
A number of parameters connected with volume, flow areas and elevation of 
primary system components may have an influence upon the LBLOCA periods. 
The „non-dimensional‟ analysis (including the consideration of „dimensional‟ 
parameters) of the homogeneous fluid balance equations, i.e. lumped parameter 
model, that can be used to calculate the LOCA scenario brings to the parameters 
indicated in the second column of Tab. 1. A variety of PWR equipped with U-tubes, 
once-through and horizontal steam generators have been built by several 
designers. The same designer also produced different reactor concepts. A four 
loop U-tubes PWR), has been considered for the comparison in the table below. 
Information of various natures can be derived from the data in the table. Making 
reference to the summary data reported in bold characters in the sixth column, the 
distinction can be made among three groups of parameters: a) geometry related, 
e.g. parameter 1, 4 and 6; b) power related e.g. parameters 14, 15 and 20; c) ECC 
flows related, e.g. parameters 12 and 22. Related to all the sets of parameters it 
can be seen that Atucha-2 related values are close to PWR values and when large 
differences exist, e.g. parameters 2, 9 and 11, these are in the direction to ensure a 
smoother evolution of the LBLOCA transient.   
It shall be noted that the individual differences in primary system components and 
in the value of relevant primary system parameters are taken into account by the 
computational tools developed for the Atucha-2 LBLOCA analysis. Furthermore, 
the same set of differences does not cause models adopted in computational tools 
for the analysis of PWR typical conditions to overpass the boundaries (e.g. in the 
case of Atucha-2) of the validation for key parameters and correlations. 
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# Parameter 
Atucha-2 PWR Atucha-2 
/ PWR 
Notes 
Unit Value Value 
1 PRZ volume m
3 
85 65 1.3  
2 PRZ liquid mass Ton 66 23.8 2.8 
In nominal 
conditions 
3 CL break area m
2 
0.4418 0.4418 1 
One-side break 
(100% BA) 
4 PS volume m
3 
216 369 0.59 Excluding PRZ 
5 PS mass Ton 227 263 0.86 
Excluding PRZ 
and Mod 
6 CL BA / PS volume m
-1 
2.04e-3 1.20e-3 1.7  
7 CL BA / PS mass m
2
/Ton 1.94e-3 1.68e-3 1.15  
8 Surge line FA m
2
 0.096 0.095 1 
w/o consideration 
of orifices 
9 PRZ/PS mass - 0.29 0.099 2.9  
10 Surge line FA / PRZ vol m
-1
 1.13e-3 1.46e-3 0.8  
11 Surge line FA/PRZ mass m
2
/Ton 1.46e-3 3.65e-3 0.4  
12 ACC mass Ton 248 272 0.9 Four ACC 
13 ACC/PS mass - 1.09 1.03 1.06  
14 Core thermal power Mw 2161 3765 0.6 Or core power 
15 Core power/ACC mass Mw/Ton 8.71 13.8 0.6  
16 PS volume/ACC mass m
3
/Ton 0.87 1.36 0.64  
17 LPIS flow Ton/s 0.88 1.28 0.7 
4 pumps. 6 MPa 
head in case of 
CNA-2. Max flow 
18 Core power/LPIS flow Mw-s/Ton 2455 1981 1.2  
19 SG HTA m
2
 14020 21600 0.6 
All steam 
generators 
20 Core power / SG HTA Mw/m
2 
0.154 0.174 0.9 
Low relevance in 
LBLOCA 
21 PS volume/LPIS flow m
3
-s/Ton 245 1.26   
23 CL BA / Surge line FA - 4.6 4.6 1  
Tab. 6 – Significant LBLOCA parameters of Atucha-2 and comparison with typical 
PWR. 
University of Pisa - 72 - April 2011 
 
Page 72 of 282 – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Terzuoli Fulvio 
4.3 LICENSING FRAMEWORK 
4.3.1 The Regulatory Framework 
An established regulatory framework exists in the nuclear technology in relation to 
the LBLOCA analysis of vessel equipped water cooled nuclear reactors, as already 
mentioned. Furthermore, an overview of the current trends on the same subject 
constituted a document issued within an agreement between UNIPI and NASA, i.e. 
(Ref. [23]). 
4.3.2 The International Practice 
The DBA, including the DEGB LBLOCA (or 2A-LOCA) was intended in historical 
terms as a minimum set of enveloping scenarios whose positive-conservative 
evaluation, within the (overly)-conservative Appendix K approach could ensure that 
an adequate level of protection is provided by the designers.  
TMI-2 and also Chernobyl-4 were practical demonstrations that complex accidents 
out of the DBA list may occur. The needs from operator training, the AM technology 
and, above all, the progress in the techniques for deterministic and probabilistic 
accident analysis, i.e. an outcome of the research programs carried out during the 
last three or four decades, suggested a change in the conservative approach. 
A recent issued OECD/CSNI report, identifies four classes of deterministic methods 
that can be seen as a historical progress for the licensing approach: 
1. Very Conservative (Appendix K for LOCA). 
2. Best Estimate Bounding. 
3. Realistic Conservative. 
4. Use of Best-Estimate Plus Uncertainty (BEPU). 
A similar classification was proposed earlier by IAEA, e.g. (Ref [24]), in a well 
known table (“table of options” for deterministic analyses) where “Type of Applied 
Code”, “Type of BIC”, “Assumption on System Availability” and “Type of Approach”, 
are distinguished.  
Without entering into detail of the four classes, neither of methods nor of the IAEA 
table, two remarks apply: 
 Drawbacks from the Applicant and from the Licensing Authority side are 
identified when the approaches 1) to 3), or the „conservative‟ approaches 
of the IAEA table are pursued, see also (Ref [25]). 
 BEPU constitutes the current trend, as also testified by ongoing projects 
like OECD/CSNI BEMUSE, (Ref [26]), or recently issued documents like 
US NRC RG 1.203, (Ref [27]), and IAEA Safety Series Report on 
uncertainty methods, (Ref [28]). 
Thermal-hydraulic system codes, properly qualified and with techniques available 
for the proper application, are at the basis of the BEPU approach. The codes, 
noticeably, Relap5, Athlet, Cathare, Trace, Cathena, Apros and Mars, must be 
supplemented or connected with uncertainty methods. Two categories of 
uncertainty methods are distinguished, e.g. (Ref [28]), with approaches based on: 
a) propagation of code input errors and statistical treatment of the resulting 
uncertainty, b) propagation of code output errors and „deterministic‟ treatment of 
April 2011 - 73 - University of Pisa 
 
Terzuoli Fulvio – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Page 73 of 282 
the resulting uncertainty. CSAU, GRS-method and CIAU are uncertainty methods 
suitable for technological applications. 
The development of BEPU methods had, as specific reference framework, the 
deterministic accident analysis and the acceptance criteria valid within the 
conservative approach, i.e. items 1) to 3) above. The BEPU approach in (Ref [29]) 
is considered as “… the biggest effort for a proper use of best estimate models in 
order to minimize unnecessary conservatism while accounting for uncertainties 
associated to simulation results.”. 
The current challenge is the „distributed‟ and „comprehensive‟ application of the 
BEPU methods within the FSAR, making reference to the physical barriers, the 
release of fission products and to the safety functions, other than considering the 
existing acceptability thresholds, i.e. the heredity from the conservative approach.  
The adoption of BEPU approach allows a homogeneous level of safety for all the 
issues that are part of the FSAR. Furthermore, the application of the BEPU 
methods is consistent with the best-latest available information in various 
technological sectors, see (Ref [23]). 
4.3.3 The ARN Requirements and the Current Status of the Licensing 
Process 
The consideration of the requirements of the Regulatory Authority constitutes the 
most important goal for a licensing analysis. The existing “framework-of-
agreement”, related to the construction and licensing of the CNA-2 (or CNA-II), 
between the Utility (NASA) and the Regulatory Authority (ARN) is summarized in 
the document at (Ref [30]). The following should be noted: 
 IAEA reports at (Ref. [31] and [32]), are mentioned in the document as at 
the top of the hierarchy for the Atucha-2 licensing.  
 ARN legal requirements do not make direct reference to the detailed 
Appendix K type of criteria. Rather, it is requested that a Farmer type of 
curve (probability versus consequences) must be respected by the 
Licensee (Ref. [33]). 
 On the one hand, the ARN legal requirements (Ref. [34]) can be 
considered as a precursor to the risk-informed regulation. On the other 
hand, current international practice must be considered (this is consistent 
with ARN recommendation) although the concerned NPP design and 
construction start are two or three decades old, respectively. 
 ARN did not consider adequately substantiated the value of 10
-7
 event/year 
for the probability of the DEGB (2A-LBLOCA) occurrence in Atucha-2 (this 
could level-down the relevance of this event). 
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4.4 The BEPU Approach 
Based on qualified tools and analytical procedures developed or available at 
UNIPI, a modern and technically consistent approach has been built upon best 
estimate methods including an evaluation of the uncertainty in the calculated 
results (Best Estimate Plus Uncertainties or BEPU approach). Fig. 30 shows a 
simplified flowchart for the BEPU approach adopted Atucha II accident analysis 
The complete description of the approach, available in [22], is outside the aim of 
the present document. 
 
 
Fig. 30 – Simplified flowchart for the BEPU approach adopted for Atucha II FSAR 
accident analysis. 
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4.5 Code Chains and Coupling for CNA-2 FSAR Analyses 
Adopting a “best estimate approach” for safety analyses means that, for each 
expected phenomenon, the best available tools and codes should be used. At 
present, no single code is capable of covering all phenomena involved in the 
nuclear safety field. Therefore, the best estimate analyst will meet the situation of 
working with two or more codes, and will have to develop an interface between 




Fig. 31 – Description of the interaction between the codes. 
In the overall approach, CFD codes will be used in connection with other codes 
such as system thermal-hydraulic codes, structural mechanic code and neutron 
kinetic codes as listed in Tab. 7. 
4.6 Integrated Code Strategy to handle the 2A-LOCA Scenario: 
the Role of CFD 
The most challenging scenario (from the analyst point of view, but also from the 
NPP point of view) was represented by the DEGB-LOCA, for which several codes 
were used following the procedure illustrated in Fig. 32. This scheme shows only 
the “main stream” of the code-chain, since additional external coupling were 
performed in relation to the analysis of specific components or systems. 
The coupled RELAP5-3D/NESTLE analysis of the LB-LOCA scenario needs to 
account for the neutronic feedback caused by the fast boron injection into the 
moderator provided by the FBI system intervention. The time- and space-
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dependent boron distribution inside the MT are needed, accounting for the effect of 
inherently three-dimensional flow filed and mixing phenomena in a complex 
geometry such that inside the MT. CFD is the only available technique able to 
accomplish this task. 
However, developed CFD model needs the accurate definition of the boundary 
conditions in terms of time-dependent boron concentration, velocity and 
temperature of the injected solution together with pressure and mass flowrate 
histories of the moderator in the lapse of time in which the injection occurs (first 
seconds of the LB-LOCA scenario). 
Here comes again the RELAP code, by means of two preliminary simulations: 
starting from a transient analysis of the whole CNA-2 system (without injection), 
from which the time trends of the physical properties inside the MT have been 
evaluated and used as boundary conditions for a RELAP transient simulation of the 
FBI system only. 
The obtained results on boron injection time trends have finally been used as 
boundary conditions for the CFD calculation of the boron cloud time history. 
 
Involved Code Scope within the FSAR Chapter 15 
Relap5/3D  – Dynetz 
All transients (where I & C, i.e. control, limitation 
and protection systems, play a role). 
Helios-Nestle 
Transients analyzed by 3D coupled neutron 
kinetics thermal-hydraulics: spatial or local neutron 
flux effects are relevant – transient conditions. 
NJOY-MCNP 
3D performance of core with main reference to 
Keff and neutron flux – steady state conditions. 
CFX – Relap5/3D 
(Nestle)  
All transients where boron lances are called in 
operation, including or less Nestle. 
Relap5/3D – Ansys  
Focusing on PTS and structural mechanics 
integrity of the vessel wall (Ref [35]). 
Relap5/3D – CFX – 
Ansys 




All transients in relation to which the number of 
failed rods is calculated. 
Tab. 7 – Adopted code coupling within the FSAR Chapter 15 analyses. 
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CFD CFX






- NUMBER OF FAILED RODS
- FUEL SAFETY CRITERIA
Dose calculations 
MAACS






1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
1 1
BG 2        277  277     2 BG
BF 3        265   270  276  283  285  292     3 BF
BE 4      257  256  264   269  275  275  282  284  291  298     4 BE
BD 5     528  258  255  261  263  269  269  275  281  281  290  289  297  299  306     5 BD
BC 6      528  529  524  254  261  262  268  273  274  280  288  289  296  303  308  307     6 BC
BB 7    518  521  520  527  524  253  260  262  268  271  280  288  287  295  303  305  313  314  316    7 BB
BA 8   512  517  519  516  526  525  252  260  268  271  272  280  287  294  302  304  312  313  315  325   8 BA
BL 9  512  511  510  516  515  526  523  252  260  267  271  279  287  294  301  304  311  312  323  324  325  9 BL
AK 10 503  510  508  509  515  514  523  252  259  267  279  286  294  301  310  311  320  322  323  332  335  10 AK
AH 11  502  501  507  509  506  514  523  251  259  271  286  293  301  310  319  320  321  330  331  334  11 AH
AG 12  501  500  500  506  506  514  522  251  266  278  293  300  310  319  319  329  329  330  333  342  12 AG
AF 13 495  496  493  494  494  498  499  499  505  513  251  250  293  309  318  327  327  328  339  339  340  341  343 13 AF
AE 14  489  493  493  494  491  491  492  490  497  504  250  250  317  326  336  337  338  338  339  340  340  349  14 AE
AD 15  487  486  485  484  484  484  483  483  483  250  250  250  344  344  344  345  345  345  346  347  348  15 AD
AC 16  488  479  479  478  477  477  476  475  465  456  250  250  365  358  351  353  352  352  355  354  354  350  16 AC
AB 17 482  481  479  478  478  467  466  466  457  448  432  250  391  374  366  360  360  359  355  355  354  356  357 17 AB
AA 18  480  472  469  468  468  458  458  449  439  432  417  406  391  383  375  367  367  361  361  362  18 AA
AL 19  473  470  469  460  459  458  449  440  432  425  411  399  391  384  375  367  370  369  362  364  19 AL
LK 20 474  471  462  461  459  450  449  440  433  425  418  407  399  392  384  375  376  370  368  371  363   20 LK
LH 21  464  463  462  451  450  443  440  433  426  418  411  407  400  392  384  385  376  377  371  372  373  21 LH
LG 22  464  454  452  451  443  441  433  426  419  411  411  409  400  392  387  385  377  382  378  373   22 LG
LF 23  455  453  452  444  442  434  426  427  419  411  409  402  400  393  388  386  381  380  379    23 LF
LE 24     447  445  442  435  428  427  419  413  412  409  402  401  394  388  390  389      24 LE
LD 25      446  438  436  428  431  421  421  416  408  408  405  401  395  398  389     25 LD
LC 26     437  430  424  420  416  416  408   404  396  397       26 LC
LB 27     429  423  422  415  410   403       27 LB
LA 28        414  414         28 LA
29 29








































































































Fig. 32 – Description of the interaction between the codes. 
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4.7 Description of the Involved Codes 
4.7.1 Thermal-Hydraulic System Code 
The Relap5/3D code is an outgrowth of the Relap5/Mod3 code developed at the 
Idaho National Engineering & Environmental Laboratory (INEEL) for the U.S. 
Nuclear Regulatory Commission (NRC), (Ref [36]). Development of the Relap5 
code series began at the INEEL under NRC sponsorship in 1975 and continued 
through several released versions, ending in October 1997 with the release of the 
Relap5/Mod3.3. The U.S. Department of Energy (DOE) began sponsoring 
additional Relap5 development in the early 1980s to meet its own reactor safety 
assessment needs. The Relap5 code was chosen as the thermal-hydraulic 
analysis tool because of its widespread acceptance to perform a systematic safety 
analyses of all NPP installed at the United States. 
The application of Relap5 to these various reactor designs created the need for 
new modeling capabilities (e.g. a three-dimensional flow model and heavy water 
properties added to the code). All together, DOE sponsored improvements and 
enhancements have amounted to a multimillion-dollar investment in the code. 
Toward the end of 1995, it became clear that the efficiencies realized by the 
maintenance of a single source code for use by both NRC and DOE were being 
overcome by the extra effort required to accommodate sometimes conflicting 
requirements. The code was therefore “split” into two versions, one for NRC and 
the other for DOE. The DOE version maintained all of the capabilities and 
validation history of the predecessor code, plus the added capabilities that had 
been sponsored by the DOE before and after the split (Ref [37]). 
The Relap5 code is highly generic and can be used for simulation of a wide variety 
of hydraulic and thermal transients in both nuclear and non-nuclear systems 
involving mixtures of steam, water, non-condensable and solute. The developers 
wanted to create a code version suitable for the analysis of all transient and 
postulated accidents in LWR systems, including small and large break Loss Of 
Coolant Accidents (LOCA).  
Based on one-dimensional, transient, and non-homogeneous and non-equilibrium 
hydrodynamic model for the steam and liquid phases, Relap5 code uses a set of 
six partial derivative balance equations and can treat a non-condensable 
component in the steam phase and a non-volatile component (boron) in the liquid 
phase. 
A partially implicit numeric scheme is used to solve the equations inside control 
volumes connected by junctions. The fluid scalar proprieties (pressure, energy, 
density and void fraction) are the average fluid condition in the volume and are 
viewed located at the control volume centre. The fluid vector properties, i.e. 
velocities, are located at the junctions and are associated with mass and energy 
flows between control volumes that are connected in series, using junctions to 
represents flow paths. The direction associated to the control volume is positive 
from the inlet to the outlet. 
Heat flow paths are also modeled in a one-dimensional sense, using a staggered 
mesh to calculate temperatures and heat flux vectors. Heat structures and 
hydrodynamic control volumes are connected through heat flux, calculated using a 
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boiling heat transfer formulation. These structures are used to simulate pipe walls, 
heater elements, nuclear fuel pins and heat exchanger surfaces, (Ref [36]). 
The most prominent attribute that distinguishes the DOE code from the NRC code 
is the fully integrated, multi-dimensional thermal-hydraulic and kinetic modeling 
capability in the DOE code. This removes any restrictions on the applicability of the 
code to the full range of postulated reactor accidents.  
The development of the three-dimensional hydrodynamic model in RELAP5 began 
in 1990. Since then development and testing has continued from both planned 
improvements and responses to user requests. The multi-dimensional component 
in Relap5/3D was developed to allow the user to more accurately model the multi-
dimensional flow behavior that can be exhibited in any component or region of a 
LWR system. Typically, this will be the lower plenum, core, upper plenum and 
down-comer regions. The component defines a one, two, or three-dimensional 
array of volumes and the internal junctions connecting them. The geometry can be 
either Cartesian (x, y, z) or cylindrical (r, , z). An orthogonal, three-dimensional 
grid is defined by mesh interval input data in each of the three coordinate 
directions. 
Other enhancements include a new matrix solver, new water properties, improved 
time advancement for greater robustness, a Graphical User Interface, 
multidimensional heat conduction model for modeling graphite structures in RBMK 
reactors, (Ref [37]). 
 
Qualification Level 
The RELAP code is considered fully qualified for LBLOCA applications including 
the scenario expected in the Atucha-2 NPP, according to the requirements set in 
refs. (Ref [38] and [39]). However, specific code-nodalization validation studies 
focusing on phenomena expected in case of the Atucha-2 LBLOCA have been 
performed (Ref. [22]). This also includes checks performed for evaluating 
differences in case of blow-down transient evolution between heavy water and light 
water fluid evolutions.  
4.7.2 3D NK-TH Coupled Code 
The Relap5-3D
©
 code allows to calculate a 3D core power distribution thanks to 
multi-dimensional neutron kinetics models based on Nestle code, (Ref [40])., 
developed by Paul Turinsky and his co-workers at the North Carolina State 
University. This feature allows computing the reactor fission power in either 
Cartesian or hexagonal geometry.  
The Nodal Expansion Method (NEM) is used to solve the neutron diffusion 
equations for the neutron flux in either two or four neutron energy groups. Quartic 
or quadratic polynomial expansions for the transverse integrated fluxes are 
employed for Cartesian or hexagonal geometries, respectively. Transverse leakage 
terms are represented by a quadratic polynomial or constant for Cartesian or 
hexagonal geometry, respectively. Therefore Relap5-3D
©
 can solve the steady 
state eigenvalue (criticality) and/or eigenvalue initiated transient problems. 
The subroutines taken from the Nestle source code used to solve these problems 
were modified to be compatible with the coding standards and data storage 
methodology used in Relap5-3D
©
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was modified to call the appropriate Nestle subroutines depending upon the 
options chosen by the user. 
As said before, two or four energy groups can be utilized, with all groups being 
thermal groups (i.e. “up-scatter” exits) if desired. Three, two and one dimensional 
models can be utilized. Various core symmetry options are available, including 
quarter, half and full core for Cartesian geometry and one-sixth, one-third and full 
core for hexagonal geometry. Zero flux, non-reentrant current, reflective and cyclic 
boundary conditions are treated. 
Discontinuity factors are utilized to correct for homogenization errors. Transient 
problems utilize a user specified number of delayed neutron precursor groups. 
Time discretization is done in a fully implicit manner utilizing a first-order difference 
operator for the diffusion equation. The precursor equations are analytically solved 
assuming the fission rate behaves linearly over a time-step. Independent of 
problem type, an outer-inner iterative strategy is employed to solve the resulting 
matrix system.  
Outer iterations can employ Chebychev acceleration and the Fixed Source Scaling 
Technique to accelerate convergence. Inner iterations employ either color line or 
point SOR iteration schemes, dependent upon problem geometry.  
Values of the energy group dependent optimum relaxation parameter and the 
number of inner iterations per outer iteration to achieve a specified L2 relative error 
reduction are determined a priori. The non-linear iterative strategy associated with 
the nodal expansion method is utilized. This has advantages in regard to reducing 
FLOP count and memory size requirements versus the more conventional linear 
iterative strategy utilized in the surface response formulation. 
In addition, by selecting to not update the coupling coefficients in the non-linear 
iterative strategy, the finite difference method (FDM) representation, utilizing the 
box scheme, of the few-group neutron diffusion equation results. The implication is 
that the model can be utilized to solve either the nodal or FDM representation of 
the few-group neutron diffusion equation. 
The neutron kinetics subroutines require as input the neutron cross-sections in the 
computational nodes of the kinetics mesh. A neutron cross-section model has been 
implemented that allows the neutron cross-sections to be parameterized as 
functions of Relap5-3D
©
 heat structure temperatures, fluid void fraction or fluid 
density, poison concentration, and fluid temperatures. Thus this feature allows 
Relap5-3D
©
 to be suitable for RBMK studies, allowing to calculate the graphite 
moderator temperature, the coolant density and of course the fuel temperature 
feed-back effects. 
A flexible coupling scheme between the neutron kinetics mesh and the thermal-
hydraulics spatial mesh has been developed to minimize the input data needed to 




A control rod model has been implemented so that the effect of the initial position 
and subsequent movement of the control rods during transients may be taken into 
account in the computation of the neutron cross-sections. The control system has 
been modified to allow the movement of control rods by control variables. 
The Helios code is used to derive macroscopic cross sections thus supporting the 
application of the Nestle code. The entire process of derivation of cross sections is 
outlined with some level of detail in Ref. [41]. Hereafter, key features of the Helios 
code are described. 
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HELIOS is a neutron and gamma transport code for lattice burn-up, in general two-
dimensional geometry. It was developed by Studsvik™ ScandPower since the 
1993. The code version released in 2006, HELIOS-1.9, was used in the framework 
of the present activity. Helios is composed by three key modules and a number of 
auxiliary modules. The key modules are: 
 AURORA, the input processor code module. 
 HELIOS, the main code for lattice physics calculations. 
 ZENITH, the output processor code module. 
The data flow between these codes is via a data base that is accessed and 
maintained by the subroutine package HERMES. AURORA reads, processes and 
saves the User‟s input. The result is a number of so-called „User-arrays‟. The User-
arrays are written into the HERMES database for retrieval by HELIOS and/or 
ZENITH. For each case HELIOS retrieves the input from the database and 
executes calculations specified. The input, except for the basic nuclear data in the 
library which are not user-specified consists of the following data types: 
 The nuclear data library with the basic nuclear data, which also defines 
the energy discretization (group structures) of the particle transport 
calculations. 
 Data that define the (initial) number densities of materials, and the 
elements of the albedo matrix. 
 Data that define the geometry of the system, including the spatial and 
angular discretization to be used in the transport calculations. 
 Data that assign one or more property sets to the geometric system, 
thus defining one or more states of the system. 
 Data that define the execution sequence of the calculations 
 Data that define what output will be saved 
The “main code” HELIOS consists of a main module, which calls nineteen 
computational modules. The first eleven modules treat the input data and they are 
called once per every case. Six of the remaining modules perform physics 
calculations, while the last two modules process the data for output and restart 
dumps. Most of these eight modules are called at least once per reactivity 
calculation point. The depletion module is only called if there is burn-up or decay, 
while the module for the restart dumps is called only when such dumps are 
requested. Therefore HELIOS performs the lattice calculations distinguishing three 
areas: 
 The geometric buildup of the system and its properties. 
 The physical methods to obtain fluxes, currents and number densities. This 
consists of five parts: 
o Calculating resonance-shielded microscopic Cross Sections. 
o Calculating fluxes and currents by the current-coupling collision 
probability (CCCP) method for particle transport. 
o Evaluating first-flight probabilities. 
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o Evaluating by a specific developed method the criticality spectrum 
which is used to rebalance the spectrum of the CCCP solution. 
o Solving the burn-up chains to obtain new number densities. 
 Output processing to obtain the output data arrays. 
Almost all data in the library are based on the ENDF/B-VI data. The exceptions are 
the Cross Sections of erbium and thulium isotopes and the (n,) matrices of many 
fission products. In the thermal and resolved-resonance energy regions, below 2 
keV the Cross Sections of the erbium and thulium isotopes are constructed by the 
RABBLE code. Namely, the ENDF/B-VI files are processed with a version of 
NJOY91.13 – with upgrades through version 91.105 that includes code RABBLE 
as a module. The main task of NJOY is to generate infinite-dilution neutron and 
gamma Cross Sections in 190 neutron and 48 gamma groups. Another NJOY task 
is to generate PENDF‟s which are files with Cross Sections in many thousands of 
energy points that are input to RABBLE. While all isotopes must be processed with 
NJOY, only those to be treated as resonance isotopes by HELIOS have to be 
processed by RABBLE. 
The GENDF Group Cross Sections and the resonance-shielded Cross Sections 
produced by RABBLE are collected in the HERMES file, the master database. The 
creation of the database is one of the activities of HEBE code. Another activity of 
the HEBE code is to construct a master library for HELIOS from selected data in 
the database. With the master library HELIOS runs are made to generate flux 
spectra in different regions, at different temperatures and at different burn-up. In 
the third activity HEBE adds these spectra to the master database. In the fourth 
activity they are used to group-collapse the database into a condensed database, 
from which the condensed library is made. Presently, three libraries exist:  
 the master library with 190/48 neutron/gamma groups; 
 a fast reactor library with 112/18 neutron/gamma groups;  
 a production library with 47/18 neutron/gamma groups.  
A comparison of the results from the 47/18 neutron/gamma groups with the 190/48 
group master library shows generally a good agreement. The first library is 
generally used when faster calculations and/or large cross section libraries has to 
been performed. 
286 isotopes, elements and mixtures are included in the HELIOS database, 28 
heavy isotopes and 121 fission products. The code also contains resonance tables 
for 39 resonance isotopes (11 heavy isotopes, 5 fission products, 23 fission 
products) and 23 burnable absorber and control isotopes. In the version 1.9 of the 
HELIOS code, all Hafnium isotopes are self-shielded and included in the master 
library. 
Isotopic compositions are automatically saved if they are to be used for branch-off 
calculations. Compositions (e.g. boron contents, water density, temperatures and 
material densities) can be changed in branch-offs. The HELIOS modeling 
capabilities permit to represent exactly non-homogeneous assemblies (i.e. each 
rod in the assembly) and different cells geometries. Thanks to its geometrical 
model flexibility, HELIOS code was successfully applied in performing lattice 
physics calculations for PWR, BWR, AGR, CANDU and RBMK reactors. 
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Summing up, the important issues in the homogenized multi-group cross-section 
generation are: 
 Input library – evaluated nuclear data files.    
 Resonance treatment. 
 Energy condensation. 
 Main transport calculations. 
 Homogenization. 
 Depletion. 
There is no need for additional ad-hoc corrections of the macroscopic cross-
sections or burn-up as it is done with the cross-sections generated by WIMS: for 
instance, a 2-group macroscopic Cross Sections for a fuel cell could consist of the 
following seven types of cross-sections:  
 diffusion coefficient, fast group (D1), 
 diffusion coefficient, thermal group (D2), 
 removal cross-section, fast group (a1+s12), 
 absorption cross-section, thermal group (a2), 
 neutron generation cross-section, fast group (nf1), 
 neutron generation cross-section, thermal group (nf2), 
 neutron transfer cross-section from fast to thermal group (s12). 
Separate cross-sections can also be calculated for upper and lower parts of fuel 
assemblies. For the non-fuel channels (e.g., the reflector) the following types of 2-
group cross-sections can also be obtained: 
 diffusion coefficient, fast group (D1), 
 diffusion coefficient, thermal group (D2), 
 removal cross-section, fast group (a1+s12), 
 absorption cross-section, thermal group (a2), 
 neutron transfer cross-section from fast to thermal group (s12). 
Interface to run the lattice physics code HELIOS in an automated manner to 
perform depletion and branch calculations, extract macroscopic cross-section and 
neutron kinetics data, and assemble them in the format of cross-section libraries 
was developed at PSU. 
In order to minimize CPU calculations, Master Libraries are calculated only for 
selected burn-up steps. Intermediate “burn-up points” are generated by an ad-hoc, 




The requirements set in the EC funded Project CRISSUE-S and issued as 
OECD/NEA document, (Ref [42]), are considered in relation to the coupled 3D NK - 
SYS TH code. Furthermore, the implementation of the Nestle neutron kinetics has 
been verified by the simulation of the NEACRP three dimensional benchmark 
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problems (Ref [43]), involving a series of three PWR rod ejection transient scenarios 
at Hot Zero Power and Hot Full Power. 
4.7.3 Computational Fluid-Dynamics Code 
The interest toward CFD for the current Atucha-2 LBLOCA application (present 
status) derives from two main reasons: 
 Configuration of lower plenum of Atucha-2: the narrow vertical dimension 
and the „corrugated‟ core plate design may cause specific mixing behavior 
and, more in general, specific LP performance (i.e. different from typical 
PWR RPV). This is at the origin of possible question marks about the 
capabilities of SYS-TH code in simulating this kind of LP. Therefore CFD 
calculations can support the prediction of the SYS-TH code specifically in 
steady state conditions, as far as single phase liquid is present. The issue 
of uniformity of flow-rate in the core channels is also addressed. 
 Injection of boron in the moderator tank following LBLOCA: a highly 
borated water solution is injected into the moderator through four injection 
lances, in order to achieve a rapid shutdown of the reactor. The space and 
time distribution of the boron concentration within the moderator 
determines the effectiveness of the negative reactivity insertion. The CFD 
represents a powerful tool for determining such distribution and providing 
the necessary feedback to the neutron kinetics analysis. In turn, the CFD 
analysis needs boundary and initial conditions to be supplied by SYS-TH 
analyses. 
4.7.3.1 The ANSYS CFX CFD Code 
The mentioned CFD analyses were carried out using the code ANSYS CFX 
Release 10.0 (CFX in the following). ANSYS CFX is a general purpose commercial 
CFD code, among the most used codes (of the same kind) all over the world, 
combining an advanced solver with pre- and post-processing capabilities. An 
exhaustive description of the code capabilities and features can be found in Ref. 
[44] and [45]). 
The CFX solver is based on a “finite volume” approach, i.e. the balance equations 
are solved in a, integral, discretized form forcing the conservation of the mass, 
momentum and energy over control volumes in which the computational domain is 
subdivided. Other possible solving approaches would be the “finite difference 
method” and the “finite element method”, which however, for reasons that will not 
be explored here, are not best suited for CFD-type codes and therefore are not 
commonly encountered in this area. 
CFX features the following modeling capabilities: 
 Steady-state and transient flows 
 Laminar and turbulent flows 
 Subsonic, transonic and supersonic flows 
 Heat transfer and thermal radiation 
 Buoyancy 
 Non-Newtonian flows 
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 Transport of non-reacting scalar components 
 Multiphase flows 
 Combustion 
 Flows in multiple frames of reference 
 Particle tracking 
The Version 11.0 of CFX was issued at the beginning of 2007, and is available at 
UNIPI since a few months later. However, for the purposes of the present activity 
the previous version (i.e. Version 10.0) has been widely used. 
 
4.7.3.1.1 Qualification Level 
The CFX code has been and is being extensively verified and validated against 
experiments, for a huge number of thermal fluid dynamics problems relevant for the 
safety of nuclear reactors. 
Several EC-funded Projects were carried out in recent years, dealing with the 
assessment of CFD codes in applications related to nuclear technology. Some 
examples are the Projects ECORA (Ref. [46]and [47]), ASTAR (Ref. [48]) and 
FLOMIX-R (Ref [49]). The last one in particular included validation activities against 
experimental data provided by several mixing facilities such those available at 
Forschungszentrum Dresden-Rossendorf (ROCOM), Gidropress, Vattenfall, 
Fortum, Framatome (UPTF) etc., and provided much valuable information on the 
CFD codes (including CFX) capabilities to handle single-phase in-vessel turbulent 
and mixing flows. 
It is worth mentioning that in the framework of the ECORA Project, Best Practice 
Guidelines (BPG) for the use of CFD code in nuclear safety related applications 
were developed (Ref. [18]), which are more and more referred to in current CFD 
applications and considered as a valid basis for the development of more detailed 
and specific guidelines. Such new BPG have been developed by an international 
group of experts (also from University of Pisa) forming the OECD/NEA/CSNI 
“Writing Groups on CFD issues” (Ref. [11]). 
The International Standard Problem No 43 was also organized and sponsored by 
OECD and US-NRC, to test CFD codes abilities in addressing the boron mixing 
issue. The experimental data for code validation were provided by the “University 
of Maryland 2x4 Loop Facility” (Ref. [50] and [51]). 
Many research institutions (including UNIPI) have recently participated in the 
OECD “V1000CT-2” Benchmark, dealing with VVER-1000 coolant transients 
involving perturbation of temperature distribution at core inlet (following accidental 
scenarios such as MSLB) and in-vessel coolant mixing phenomena, to be 
simulated with SYS-TH and CFD codes, including CFX (Ref. [3] and [4]). 
Further CFD code validation activities are being carried out at UNIPI. In particular, 
UNIPI is participating together with AREVA and FZD in the TACIS Project 
R2.02/02, dealing with the assessment of simulation tools for transients involving 
spatial variations of coolant properties in VVER reactors. In such framework, the 
CFX code is validated against mixing experiments conducted at the Gidropress 
mixing facility in Podolsk (Ref. [52]). Moreover, UNIPI experts are performing 
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simulation of ROCOM slug-mixing experiments in the framework of an agreement 
with FZD, again with validation purposes (Ref. [53]). 
Further CFD code validation activities are extended also to multiphase flows, such 
as those carried out in the framework of the EC-funded NURESIM Integrated 
Project (Ref [9]), and in its follow-up NURESP (which is going to start in 2008). 
4.7.3.1.2 Equations Solved 
When dealing with a single-phase, non compressible, turbulent flow problem, the 
continuity equation (Eq. 1) and the Navier-Stokes equation are solved, “coupled” 
with further equations associated to turbulence modeling (except when Direct 
Numerical Simulation – DNS, is performed), to energy conservation (if relevant) 
and transport of scalars (if relevant). 
The most common approach to turbulence modeling for “industrial” applications 
consists of solving Reynolds-Averaged Navier-Stokes (RANS) equations (Eq. 2) 
coupled with a two-equation turbulence model derived from the “eddy viscosity” (or 
Boussinesq‟s) hypothesis. Two-equation models are the k- and the k- models, 
and several variants stemming from them. For example, the k- model requires 
solving Eq. 3 and Eq. 4 for the turbulent kinetic energy (k) and the rate of 
dissipation of turbulent kinetic energy () respectively. The values calculated for k 
and  are used to evaluate the eddy (or turbulent) viscosity t (Eq. 5) and then the 
effective viscosity eff (Eq. 6). Note that Eq. 2 contains a modified pressure term 
which is related to the turbulent kinetic energy as from Eq. 7. For further details on 
turbulence modeling see Ref. [54]. 
The above mentioned energy conservation equation may be formulated in terms of 
enthalpy such as in Eq. 8 (the “total” enthalpy hTOT being defined as in Eq. 9), while 
a transport equation for a scalar (such as a chemical species transported by the 
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4.7.3.1.3 Discretization 
The balance equations described in the previous section have to be “discretized” 
over the computational domain, so as to permit solving them by means of some 
numerical iterative computer-solved method. With that purpose, the domain itself is 
discretized, i.e. the continuum is ideally replaced by a number of discrete “nodes”. 
Adjacent nodes define the so-called “cells” or “elements”, which in a 3D domain 
usually have the shapes show in Fig. 33. 
CFX integrates the balance equations over “control volumes”, which do not 
coincide with the elements above, but are automatically defined from the 
combination of portions of adjacent elements, according to the criterion depicted in 
Fig. 34. For further details see Ref. [44] and [45]. 
 
 
Tetrahedron Hexahedron Pyramid Prism 
Fig. 33. Types of elements. 
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Element centroid
Element
Node Finite control volume
 
Fig. 34. Definition of finite control volumes from nodes and elements (2D example). 
4.7.3.2 The ANSYS ICEM-CFD Meshing Tool 
Almost all the computational grids adopted for CFD calculations have been 
generated using the meshing tool ANSYS ICEM-CFD 10.0 available at UNIPI. An 
exhaustive description of the software capabilities and features can be found in Ref 
[55] and [56]. 
The package allows performing the following tasks: 
1. Generating solid models of the computational domains to be meshed (i.e. 
creating the “geometry”) 
2. Importing geometries created with other tools (e.g. CAD packages) 
3. Discretizing the computational domain by defining meshes of three-
dimensional “elements” of various type (see also Section 4.7.3.1.3), each 
one identified by a number of “nodes”: 
o Tetrahedra (4 nodes) 
o Hexahedra (8 nodes) 
o Prisms (6 nodes) 
o Pyramids (5 nodes) 
4. Controlling the local grid refinement 
5. Performing a block-structuring of the domain to obtain high-quality body-
fitted hexa grids on complex geometries 
6. Handling hybrid grids, i.e. meshes based on the use of more than one 
element type 
7. Creating prisms layers (on tetra grids) to enhance the turbulence treatment 
close to the walls in CFD calculations 
8. Checking the grids for possible errors and inconsistencies 
9. “Smoothing” the grids to improve their quality 
10. Exporting the created grids onto several available formats, which can be 
handled by most common CFD and FEM solvers 
The Hexa grid generator available in ICEM can only create “structured” grids, i.e. 
grids made up with hexahedra arranged according to a Cartesian pattern (or to a 
pattern topologically equivalent to a Cartesian one), so that an “i, j, k” notation is 
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sufficient for identifying each node. On the other hand, when dealing with a 
complex geometry it is usually impossible to establish a topological equivalence 
with a Cartesian domain, thus it is impossible to create a structured, body-fitted 
mesh. However, such limitations can be bypassed by subdividing the domain into 
several Cartesian sub-parts (blocks), and creating a structured grid on each block. 
The resulting hexahedral mesh will thus be globally unstructured (which does not 
represent a limitation for most CFD solver, including CFX), and body-fitted. 
ANSYS ICEM-CFD embeds tools for block-structuring of the domain, so as to allow 
creating hexa grids even in complex geometrical configurations. Such tool has 
been widely used for the purposes of the present work. 
However it has to be remarked that block-structuring of very complex geometries 
with many items and discontinuities to be modeled requires huge efforts, skill and 
expertise and may not be achievable in some cases (such as CNA-2 lower plenum 
modeling). 
4.7.3.3 Meshing Strategy and Approach 
The following procedure has been followed for the preparation of the computational 
grids: 
1. Identification of computational domain(s) 
2. Set-up and/or modification/adaptation of CAD models of solid parts 
 CAD usually available for solid components (like RPV, internals, etc.) 
 Analysis of consistence between CAD and available drawings 
 Geometry simplifications (small details) 
 Elimination of non relevant parts 
3. Importation of CAD models into ANSYS ICEM-CFD through standard 
formats (e.g. IGES, STEP, …), in 2 steps: 
1. exportation from CAD environment 
2. importation into ICEM 
4. Adaptation and completion of fluid domain geometry 
1. Elimination of redundant/non-relevant geometric entities 
2. (Re)generation of absent/damaged geometric entities 
5. Arrangement of geometry in “sub-domains” 
 Modular meshing approach (to overcome hardware limitations) 
6. Meshing the sub-domains 
7. Assembling the sub-meshes into global grids 
As regards the mesh types adopted, the following two approaches can generally 
be followed: 
1. Based on tetrahedral cells 
 easier to achieve when dealing with complex geometries 
 generally less accurate (compared to a hexa grid with the same 
number of cells) 
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2. Based on hexahedral cells (block-structuring) 
 much harder to achieve in complex geometries 
 generally more accurate (compared to a tetra grid with the same 
number of cells) 
When dealing with computational domain which includes sub-parts featured by 
different levels of geometric complexity, a more practical approach may be the 
generation of “hybrid” grids, i.e. grid based both on tetra and hexa cells. 
4.7.4 Fuel Behavior Code: TRANSURANUS 
TRANSURANUS is a computer program for the thermal and mechanical analysis 
of fuel rods in nuclear reactors. The TRANSURANUS code consists of a clearly 
defined mechanical–mathematical framework into which physical models can 
easily be incorporated. The mechanical–mathematical concept consists of a 
superposition of a one-dimensional radial and axial description (the so called quasi 
two-dimensional or 1½-D model). The code was specifically designed for the 
analysis of a whole rod (Ref. [57] and [58]). 
The TRANSURANUS code incorporates physical models for simulating the thermal 
and radiation densification of the fuel, the fuel swelling, the fuel cracking and 
relocation, the generation of fission gases, the redistribution of oxygen and 
plutonium, etc. Mainly research institutions, industries and license bodies exploit 
the code. Besides its flexibility for fuel rod design, the TRANSURANUS code can 
deal with a wide range of different situations, as given in experiments, under 
normal, off-normal and accident conditions. The time scale of the problems to be 
treated may range from milliseconds to years. The code has a comprehensive 
material data bank for oxide, mixed oxide, carbide and nitride fuels, Zircaloy and 
steel claddings and several different coolants. It can be employed in two different 
versions: as a deterministic and as a statistical code. 
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4.8 Description of the Nodalizations 
The present Section gives a short description of the nodalizations involved in the 
LB-LOCA analyses, particularly focusing on the nodalizations to which the CFD 
analyses of the present document had to share information and/or boundary 
conditions. 
4.8.1 Thermal-Hydraulic Nodalizations 
Different nodalizations have been developed to run the TH-SYS and coupled 3D 
NK/TH-SYS codes, as summarized hereafter. 
The nodalizations listed in Tab. 8 have been developed and/or adopted for 
predicting the Atucha-2 LBLOCA performance within the current framework. The 
first two nodalizations have been developed by NA-SA, the remaining 4 from 
UNIPI. 
The analyses performed by UNIPI address the short (10s), and the long (3000s) 
term of the transient. The former is calculated with a detailed nodalization coupled 
with the NK (“280ch”), the latter is analyzed with a more simplified model (“60ch”), 
which uses the 0D-NK and is coupled with the protection, limitation, and control 
systems of the NPP. 
The Author was co-author of the four sections of the Engineering Handbook (Ref. 
[59], [60], [61] and [62]) for the 60ch and 280ch nodalizations, a series of huge 
report (~900 pages) which includes extremely detailed description of the 
discretization process together with the modeling approaches for both geometrical 
and physical aspects; as well as the implementation of the Instrumentation & 
Control logics. 
 
# Nodalization ID By 
No of hyd. nodes 
Notes 






 Not Available Results available at UNIPI 
2 NASA_UNIPI_36CH 















6342 Sensitivity study – reference 
calculation (short term) 53334 
6 UNIPI_60CH_1D-MT_0DNK 
2453 Full ECCS & logics – 
reference calculation (long 
term) 21223 
Tab. 8 – Nodalizations for SYS TH considered for the LBLOCA analysis of CNA-2. 
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4.8.1.1 NASA 36 Core Channels 
NA-SA developed a Relap5/mod3.3 Atucha-2 nodalization to study the NPP 
behavior both in case of off-normal and accident conditions. The NA-SA 
nodalization includes all the primary systems, secondary systems, and moderator 
systems, the safety system as well as all the auxiliary system called into operation 
when transient occurrences are considered (e.g. spray, CVCS). The adopted code 
resources for the NASA_UNIPI_36CH nodalization are given in Tab. 9. 
To reproduce the control, limitation and protection logics a suitable FORTRAN 
program has been created and externally coupled to the Relap5 modifying the TH 
system code. The NA-SA nodalization approach is based on the use of all the code 
capability and flexibility. Namely the multiple junctions, the cross flow junctions and 
newest possibility of multiple connections to a pipe face are largely used. 
 
Code resource Quantity 
No of nodes 2527 
No. of junctions 2904 
No. of heat structures 2370 
No. of mesh points 16604 
No. of active structures 36 
No. of trips* 500 
No. of input lines 17000 
*separate FORTRAN file available for logics 
Tab. 9 – NASA_UNIPI_36CH nodalization: adopted code resources. 
4.8.1.2 UNIPI 280 Core Channels 
The general approach in setting up the nodalization can be summarized in a few 
points: 
 Limited use of the cross flow junction. 
 No internal junction in the pipe sub-volume to connect two components. 
 The ratio of adjacent volume length stays within the range 0.5 ÷ 1.5 (as far 
as possible). 
The nodalization has been set up to account for considering symmetry axes of the 
vessel. In the following description, attention is focused to the RPV, because of its 
relevance related to the CFD point of view. 
The 451 real core channels of CNA-2 are represented by 280 equivalent pipes. 
The criterion used to group the channels derives from the nodalization of the LP 
grid and the presence of the 5 throttle types. The channels that are going to be 
grouped belong to the same rhomboidal sub-plena (derived from the 5 radial 
regions and the 36 angular sectors) and have the same throttle type. 
Each equivalent pipe is subdivided in 15 sub-volumes, ten of these are used to 
represent the active length, Fig. 35. The heat structure of the coolant channel is 
modeled as a cylinder including the water gap simulated as an equivalent material. 
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Left side of such structure is connected to the hydraulic part of the channel while 
the right side is linked to the pipes that model the moderator tank. A second heat 
structure is linked to the hydraulic part of the channel to account for the active 
power generation (fuel), a cylindrical geometry is used too. 
A global picture of the RPV nodalization is given in Fig. 36, which includes also the 
UP and LP scheme, developed accordingly to the findings of preliminary CFD 
analyses, and then confirmed by the CFD reference calculations and sensitivity 
analyses presented in Chapter 5. 
The approach of the radial division of the 1D moderator tank is here described. Six 
rings are identified: five as in the LP and the last for the radial reflector. The five 
rings are represented by equivalent pipes divided into 21 sub-volumes and 
interconnected via a multiple junction component (cross flow junctions). The bottom 
branches of the five rings collect the bypass from the LP while the one connected 
to the radial reflector pipe collects the moderator DC outlets. The upper part of the 
tank (i.e. the zone connected to the UP) is represented by a branch and a pipe. 
The tank (from the metal point of view) is simulated by a cylindrical heat structure 
including the water gap represented by an equivalent material. This structure is 
thermally connected to the DC from one side and to the radial reflector to the other. 
In order to be consistent with the 3D NK model and to simulate in a realistic 
manner the boron injection process into the moderator tank using CFD results, the 
3D capability of the RELAP5-3D
©
 code was exploited for this component. As Fig. 
37 shows, three „MULTID‟ components have been used: one for the bottom part, 
one for the active zone and the last one for the upper part of the tank. The three 
„MULTID‟ nodes have a cylindrical geometry with 6 radial rings, 16 azimuthal 
divisions and the active zone height divided into ten parts. More than 1000 
volumes are now adopted to simulate the moderator tank. 
The improvement connected with the 3D moderator tank modifies the adopted 
























Fig. 35 – UNIPI_280CH_3D-MT nodalization: core channel and connected 
geometrical relevant positions. 
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Fig. 36 – UNIPI_280CH_3D-MT nodalization: global RPV sketch (b) including LP 
(c) and UP (a) conceptual discretizations based on preliminary CFD results. 
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Fig. 37 – UNIPI_280CH_3D-MT nodalization: the moderator tank 3D model, front 
and top view, developed to use CFD boron results. 
Code resource Quantity 
No of nodes 6342 
No. of junctions 7155 
No. of heat structures 8340 
No. of mesh points 53334 
No. of active structures 280 
No. of trips 10 
No. of input lines* 115918 
* including the 3D NK model 
Tab. 10 – UNIPI_280CH_3D-MT nodalization: adopted code resources. 
4.8.1.3 UNIPI 60 Core Channels Modeling 
The UNIPI_60CH_1D-MT nodalization is derived from the UNIPI_280CH_1D-MT, 
having in mind the objective of the long term calculations. It has been set up by 
gathering some nodes of the RPV. The differences between the two nodalizations 
are reported hereafter. 
The simplifications introduced in the 60 core channels nodalization concerns the 
second layer of the LP and consequently the of the equivalent core channels. The 
200 branches constituting the second LP have been collapsed into 25 branches 
replicating the same scheme adopted for the first LP layer. To reduce the core 
channels (from 280 to 60) the equivalent pipes are grouped belong to the same 
hydraulic zone, to respect the basic approach of the detailed nodalization. The core 
channels are connected to the first UP layer with the junctions embedded in the 
branch components. 
The adopted code resources are given in Tab. 11. 
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Code resource Quantity 
No of nodes 2453 
No. of junctions 3073 
No. of heat structures 2917 
No. of mesh points 21223 
No. of active structures 60 
No. of trips 600 
No. of lines of the input 20874 
Tab. 11 – UNIPI_60CH_1D-MT nodalization: adopted code resources. 
4.8.2 Neutron-Kinetics Nodalization 
In the case of 0D NK model, the peak factors are derived from the power map 
supplied by NA-SA that includes 451 channels divided in 10 axial meshes. In case 
of lumped channels the peak factor of the corresponding pipe is evaluated 
normalizing the sum of each peak factors. The 0D NK model was set up for the 280 
channels nodalization and then the derived for the 60 channels.  
A 3DNK model has been developed for the 280 channels nodalization, in order to 
maximize the number of the NK nodes coupled with a single fuel channel, thus 
reducing the approximation on the feedbacks. The correspondence between 451 
NK nodes and 280 TH channels is reported in Fig. 38, reflector NK nodes are not 
reported (Ref. [63]). 
 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
1 1
BG 2        277  277     2 BG
BF 3        265   270  276  283  285  292     3 BF
BE 4      257  256  264   269  275  275  282  284  291  298     4 BE
BD 5     528  258  255  261  263  269  269  275  281  281  290  289  297  299  306     5 BD
BC 6      528  529  524  254  261  262  268  273  274  280  288  289  296  303  308  307     6 BC
BB 7    518  521  520  527  524  253  260  262  268  271  280  288  287  295  303  305  313  314  316    7 BB
BA 8   512  517  519  516  526  525  252  260  268  271  272  280  287  294  302  304  312  313  315  325   8 BA
BL 9  512  511  510  516  515  526  523  252  260  267  271  279  287  294  301  304  311  312  323  324  325  9 BL
AK 10 503  510  508  509  515  514  523  252  259  267  279  286  294  301  310  311  320  322  323  332  335  10 AK
AH 11  502  501  507  509  506  514  523  251  259  271  286  293  301  310  319  320  321  330  331  334  11 AH
AG 12  501  500  500  506  506  514  522  251  266  278  293  300  310  319  319  329  329  330  333  342  12 AG
AF 13 495  496  493  494  494  498  499  499  505  513  251  250  293  309  318  327  327  328  339  339  340  341  343 13 AF
AE 14  489  493  493  494  491  491  492  490  497  504  250  250  317  326  336  337  338  338  339  340  340  349  14 AE
AD 15  487  486  485  484  484  484  483  483  483  250  250  250  344  344  344  345  345  345  346  347  348  15 AD
AC 16  488  479  479  478  477  477  476  475  465  456  250  250  365  358  351  353  352  352  355  354  354  350  16 AC
AB 17 482  481  479  478  478  467  466  466  457  448  432  250  391  374  366  360  360  359  355  355  354  356  357 17 AB
AA 18  480  472  469  468  468  458  458  449  439  432  417  406  391  383  375  367  367  361  361  362  18 AA
AL 19  473  470  469  460  459  458  449  440  432  425  411  399  391  384  375  367  370  369  362  364  19 AL
LK 20 474  471  462  461  459  450  449  440  433  425  418  407  399  392  384  375  376  370  368  371  363   20 LK
LH 21  464  463  462  451  450  443  440  433  426  418  411  407  400  392  384  385  376  377  371  372  373  21 LH
LG 22  464  454  452  451  443  441  433  426  419  411  411  409  400  392  387  385  377  382  378  373   22 LG
LF 23  455  453  452  444  442  434  426  427  419  411  409  402  400  393  388  386  381  380  379    23 LF
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Fig. 38 – RELAP5-3D© TH-NK coupling map for the fuel channels. 
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5. CFD ASSESSMENT OF COOLANT IN-VESSEL FLOW IN 
STEADY-STATE NOMINAL CONDITIONS 
The present Chapter deals with the development and the application of CFD 
models for addressing fluid dynamics issues related to the coolant flows in the RPV 
of the Nuclear Power Plant Atucha-II. The same CFD models have been tested in 
selected transient scenarios in order to assess meshing and modeling strategies. 
The above mentioned issues can be defined as follows: 
Issue I: Lower Plenum (LP) mixing & flow distribution feeding to individual 
rhomboidal “sub-plena” and individual coolant channels 
 Relevant to normal operation 
Issue II: Flow distribution/patterns in the Upper Plenum (UP) 
 Relevant to normal and off-normal operation 
5.1 Investigation of DC and LP Flow Field and Mixing 
The present Section describes the development of a CFD model suitable for 
investigating the coolant flow in the downcomer and in the lower plenum of CNA-2 
RPV both for steady-state and transient flow conditions, in order to provide insight 
on the flow structures developing inside the RPV, and checking for the coolant flow 
distribution through the reactor core. 
With such purposes, several computational grids were developed and several 
reference and sensitivity calculations were performed. 
5.1.1 Development of DC and LP Computational Grids 
5.1.1.1 Identification of the Computational Domain 
The selected computational domain includes the two CL downstream of the Main 
Coolant Pumps (MCP), the DC, the LP, and the channel inlets. Fig. 39-a shows the 
in-vessel portion of the computational domain (cold legs excluded). 
In particular, the following geometric features have been appropriately accounted 
for and modeled: 
 The penetrations in the RPV inlet region; i.e. the nozzles of the two hot 
legs, those for moderator suction, those for the safety injection and those 
for the fuel failure detection system, as shown in Fig. 39-b; 
 The variation of the moderator tank (MT) diameter in the DC below the 
region of nozzles; 
 The 12 spacers between the MT and the RPV inner wall, in the lower part 
of the DC, as shown in Fig. 39-b. 
 The grid structure at the bottom of the MT (Fig. 40-a), immersed in the LP 
volume (all the 65 rhomboidal sub-plena have been appropriately modeled, 
along with their inter-connections) 
The channel inlets have been modeled in a simplified way, i.e. just with cylinders 
(Fig. 40-b) immersed into the rhomboidal sub-plena and connecting the LP with a 
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fictitious cylindrical “outlet volume”, located in the bottom part of the core, which 
has the purpose of permitting the definition of a pressure-controlled outlet 
boundary condition (Fig. 40-c). 
It is worth noting the peculiar configuration of the DC and LP with respect to the 
usual PWR configuration: 
 The DC thickness-to-radius ratio is around 4 times smaller (0.03 instead 
of 0.12) 
 Below the RPV inlet region, the DC becomes narrower instead of 
enlarging; 
 The LP is bounded by a steel filler so as to strongly reduce the overall 
heavy water inventory; thus the coolant coming downward from the DC is 
forced to an abrupt change of flow direction; 
 A narrow gap (few centimeters) in the LP between the grid structure and 
the lower filler; 
 A complex and strongly three-dimensional flow pattern forms in the LP due 
to the presence of the grid structure and its subdivisions into several  







1) HL; 2) Fuel failure detection; 3) Moderator suction; 
4) Hot safety injection; 5) Spacers (or consoles) 
(a) (b) 
Fig. 39 – Selected computational domain (cold legs not shown): 2D cross section 
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Red – “outlet volume”;  
Blue – channels; Yellow – MT grid 
(a) (c) 
Fig. 40 – Geometrical model: grid structure at the bottom of the MT (a); simplified 
channel inlets (b) and dummy outlet volume (c) 
5.1.1.2 Development of the Reference Grid 
The computational grids were developed with the package ANSYS ICEM-CFD 10.0 
adopting, a “modular approach” following the meshing strategy explained in 
Section 4.7.3.3. The global domain has been arranged in several sub-domains: 
1. Cold Legs 
2. Nozzle Region 
3. Downcomer 
4. Lower Plenum (including the grid structure) 
5. Inlet of Channels 
6. Outlet Volume 
Such sub-domains have been handled and meshed individually, prior to 
assembling them into a single global grid. 
As a result of such “modular approach” and of using different element types for the 
sub-grids, the resulting global grids were made up with both tetrahedral and 
hexahedral elements (i.e. “hybrid” meshes). This approach is rather usual when 
computational domains include sub-domains with different degrees of geometrical 
complexity (such as the DC and the LP of CNA2 RPV), and when to face with the 
need of optimizing the number of nodes, so as to cope with the available 
computing power and time limitations. 
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5.1.1.2.1 Nozzle Region 
The modular process started from the “Nozzle Region” sub-domain, constituted by 
the upper section of the DC containing the cold leg nozzles and the different 
penetrations described in Fig. 39-b.  
A specific “block-structure” (see Section 4.7.3.2) have been created so as to 
reproduce the three-dimensional shape of the sub-domain, as shown in Fig. 41-a; 
in particular, systematic use of “O-grid” technique was made to handle circular 
items such as penetrations, nozzles, holes etc., allowing the achievement of a high 
quality hexahedral mesh, shown in Fig. 41-b. Such approach is a particular 







Fig. 41 – “Nozzle Region” sub-domain: block-structure (a) and resulting mesh (b). 
5.1.1.2.2 Downcomer Region 
The grid of the “Downcomer Region” sub-domain has been obtained extruding the 
superficial mesh of the annular ring at the bottom of the “Nozzle Region”  
sub-domain (red ring in Fig. 42-a) up to a target plane located at the elevation of 
the MT lower flange, thus obtaining a hexahedral grid.  
As shown in Fig. 42-b, the radial grid spacing in the DC is not uniform, so as to 
obtain finer mesh elements close to the RPV and MT walls in order to improve the 







Fig. 42 – “Downcomer Region” sub-domain: extrusion (a) and detail of node radial 
distribution across the DC gap (b). 
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5.1.1.2.3 Cold Legs 
As Fig. 43 shows, the same process as above has been adopted for meshing the 
“Cold Legs” sub-domain also, obtained by extruding the superficial mesh of the 
nozzles in the “Nozzle Region” sub-domain along the CL axis up to the Main 







Fig. 43 – “Cold Legs” sub-domain: extrusion (a) and resulting mesh (b). 
5.1.1.2.4 Lower Plenum 
A different approach was followed for the “Lower Plenum” sub-domain. Owing to 
the geometrical complexity of the grid structure (rhomboidal sub-plena and 
interconnections, horizontal and vertical reinforcing plates), performing a block-
structuring of the LP would practically be impossible, while developing a mesh of 
tetrahedral elements resulted to be the only practicable solution. 
A huge number of nodes were invested in this sub-domain in order to allow the 
CFD code to “catch” the fluid dynamic structures in such strongly three-dimensional 







Fig. 44 – “Lower Plenum” sub-domain: mesh (a) and detail of grid structure and 
inlet of channels (b). 
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5.1.1.2.5 Channel Inlets 
The grid of the “Channel Inlets” sub-domain has been obtained in two steps:  
1. Channel Inlets – lower part (violet in Fig. 45): internal volume of channels 
up to the lower surface of MT flange (portion of the coolant channels 
immersed into the rhomboidal sub-plena); tetrahedral grid obtained starting 
from the superficial mesh of the channels of the “Lower Plenum” sub-
domain; 
2. Channel Inlets – upper part (green in Fig. 45): internal volume of channels 
included into the thickness of MT flange; prism mesh obtained by extruding 
the upper superficial mesh of the Channels Inlets – lower part along the 
channel axis up to the upper surface of MT flange. 
The resulting grid is constituted by both tetrahedral and prism elements having a 
one-to-one connection at the interface. 
5.1.1.2.6 Outlet Volume 
The “Outlet Volume” mesh (Fig. 46) has been made up with tetrahedral elements 
starting from the upper superficial mesh of the “Channel Inlet” sub-domain. Owing 
to the absence of geometrical features inside the dummy volume together with the 
aim of obtaining the equalization of pressure at the upper surface, a large 
expansion factor for the element size has been set in order to limit the overall 







Fig. 45 – “Channels Inlet” sub-
domain: lower part (violet), upper part 
(green) and extrusion (red arrow) 
Fig. 46 – “Outlet Volume” sub-domain: 
adopted grid 
5.1.1.2.7 Assemblage of the Reference Grid 
The final step of the “modular approach” is constituted by the assemblage of 
obtained sub-domain meshes into an overall single grid. Such task has been 
performed importing the individual sub-grids into the CFX Pre-processor 
environment and gluing the contact surfaces. 
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The resulting reference grid A1 is made up of around 2.1 million nodes, and 7.3 
million elements distributed as follow: 
 0.6 million hexahedra: cold legs, nozzles region, downcomer; 
 0.1 million prisms: channel inlets; 
 6.6 million tetrahedra: lower plenum, outlet volume. 
Pictures of the obtained reference grid are shown in Fig. 47. In particular, Fig. 47-a 
represents half the computational domain, obtained with a vertical clipping plane 
passing through the RPV axis and through the axis of the moderator outlet nozzle; 
the mesh is displayed on the cut surface only. 
Fig. 47-b provides a closer view of the DC grid in the nozzles region, and 
evidences how special care was adopted in controlling the grid spacing close to the 
solid walls of the domain. 
Fig. 47-c shows the connection between LP (tetrahedra), channel inlets (tetrahedra 
& prisms) and outlet volume (tetrahedra) grids. The sub-grids were created so that 
to be perfectly matched together to form a continuous hybrid grid (one-to-one 
connection available in CFX (Ref [44] and [45]). 
On the contrary, the connection between the DC and the LP grids cannot be  
one-to-one, since the surface meshes to match are not conformal, rather they are 
made of triangles (LP side) and quadrangles (DC side). Such problem is easily 
solved in CFX by defining General Grid Interfaces (GGI, Ref [44] and [45]), i.e. 
calling special routines (implemented in CFX Solver) which perform the necessary 
interpolations to match the non conformal grids. The adoption of GGI yields a little 
increase in the computing time, and tends to reduce the numerical accuracy; 











Fig. 47 – Reference grid A1: vertical cross-section (a), detail of element distribution 
in the downcomer (b) and in the channel inlets region (c). 
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5.1.1.3 Auxiliary Grids 
In order to perform sensitivity analyses on geometrical and meshing parameters, 
six additional computational grids were developed. 
Those grids have been created following the same procedure used for the 
reference grid and described above. All of them except for grid A06 differ from grid 
A01 for the discretization of a single sub-domain. 
 A2: Grid without cold legs (Fig. 48); sensitivity on inlet boundary location. 
 A3: Grid without cold legs and penetration in the DC (Fig. 49); sensitivity 
on DC geometrical features 
 A4: Same as A1, with a doubled outlet volume (Fig. 50); sensitivity on 
outlet boundary location 
 A5: Same as A1, with a doubled gap between lower filler and LP grid 
structure (Fig. 51); sensitivity on LP gap 






Fig. 48 – Grid A2: same as A1, without 
Cold Legs 
Fig. 49 – Grid A3: same as A1, without  






Fig. 50 – Grid A4: same as A1, with  
double outlet volume 
Fig. 51 – Grid A5: same as A1, with  
double grid-lower filler gap 
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Fig. 52 – Grid A6: same as A1, coarsened. 
5.1.2 Set-up of Steady-state Simulations of Lower Plenum Flow 
Steady-state CFD calculations were run in order to make an assessment of the 
flow distribution through the 451 coolant channels, and to investigate the flow 
structures developing in the downcomer and in the lower plenum of CNA2 RPV. 
The simulations were performed using the computational grids mentioned above, 
and the CFD package ANSYS CFX 10.0. 
Moreover, several sensitivity analyses were performed in addition to the reference 
calculations, so as to provide relevant information on the influence of the most 
relevant geometrical features and boundary conditions. 
5.1.2.1 General Modeling Choices 
The reference calculation was aimed at simulating the flow filed in nominal 
conditions, thus imposing uniform coolant temperature and mass flowrate at the 
inlet boundaries. 
The working fluid was defined as incompressible water having the following 
properties: 
 Temperature: 551 K (only relevant to calculate the two following properties) 
 Density: 837.38 kg/m³ 
 Dynamic Viscosity: 1.0104·10
-4
 kg/m·s 
The following field equations were solved: 
 Mass balance (Continuity) 
 Momentum balance (Navier-Stokes equation in Reynolds-averaged form) 
 Transport of turbulent kinetic energy (k) 
 Transport of turbulent eddy frequency () 
 Transport of an additional, user-defined, passive scalar variable working as 
a “numerical tracer” (in order to allow improved investigation of the flow 
field and mixing effect) 
The turbulence was accounted for with the k-ω based Shear Stress Transport 
(SST) model available in CFX. 
The “Automatic” model for near-wall treatment of turbulence was adopted. 
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Finally, a numerical passive scalar has been defined to work as a tracer of the 
coolant flowing from one of the two Cold Legs, it behaves like a physical solution 
passively transported by the flow, which colors the coolant. 
No buoyancy model was activated, since the temperature is uniform and no density 
differences occur. 
The reference pressure was arbitrarily set to 100 bar, instead of the normal 
operation value (115 bar). However this setting is not affecting the accuracy or the 
realism of the results in any way, because the flow is incompressible and buoyancy 
effects are absent, and thus only pressure differences (due to flow resistances) are 
relevant. 
A first-order numerical discretization scheme for the advection term of the transport 
equation has been used in all the calculations. Such scheme provides faster 
calculation and enhances diffusive phenomena (e.g. turbulent mixing) with respect 
to higher order schemes. This choice was made on the basis of UNIPI experience 
in similar analyses (for further details see Section 4.7.3.1). 
The following convergence criteria (consistent with BPG) were adopted: 
 The Root Mean Square (RMS) normalized values of the equation residuals 
dropped by at least 4 order of magnitude (also for each time step of a 
transient calculation) 
 For steady-state calculations: achievement of the stabilization of flow field 
and transported properties whenever possible (checked by defining 
monitor points) 
A systematic use of parallel computing was made. The availability of a computer 
cluster has allowed handling large computational grids, up to several million cells 
(as shown in Section 5.1.1.2.7). 
5.1.2.2 Boundary Conditions 
The adopted computational domain is provided with the following boundaries: 
 2 inlets (cross sections of the cold legs, upstream of the elbows) 
 1 outlet (upper surface of the “dummy” outlet volume) 
 Walls (any other surface bounding the domain) 
Inlet and outlet boundaries are indicated in Fig. 53. 
A uniform velocity profile was imposed at the inlet boundaries, so as to achieve a 
total inlet mass flowrate equal to the nominal value (10262.7 kg/s). 
Inlet turbulence intensity and the eddy viscosity ratio were set to their CFX-default 
values (0.05 % and 10 respectively) 
A pressure-controlled outlet boundary condition was defined at the outlet boundary, 
imposing an average pressure equal to the reference pressure defined above. 
All wall-type boundaries were treated with a no-slip condition, coupled with the law-
of-the-wall model for near wall turbulence treatment (Ref. [44] and [45]). 
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Fig. 53 – Identification of inlet (blue) and outlet (red) boundaries. 
5.1.2.3 Assessment of Coolant Channel Pressure Losses 
The core power distribution during normal operation conditions is peaked on the 
central channels, and gradually decreases towards the periphery of the core. 
Therefore, in order to respect everywhere the limits on maximum cladding 
temperature and, at the same time, optimize the fuel utilization, the coolant flow 
rate through the core must have a non uniform distribution accordingly. Namely, a 
higher flow rate is necessary though the central channels than the peripheral ones. 
Such flow rate shaping is achieved with the adoption of “throttles” (also referred to 
as “drossel” in KWU reports) of four different types. The throttles are located at the 
inlet of peripheral channels just below the fuel assembly lower support plate, thus 
producing additional pressure losses. The resulting configuration is described in 
Section 3.4.6 and here reported in Fig. 54. It consists of five hydraulic zones: one 
includes 253 non-throttled channels, while the others fours are constituted by 
channels with throttles of different geometry (198 channels). 
Such configuration is the result of several experimental and analytical optimization 
studies carried out by Siemens (Refs. [64], [65] and [66]). The throttles are identical 
to those used in the CNA-1 design. In the original CNA-2 design, the number of 
different types of throttle used was six instead of four; then, based on an 
optimization study carried out by Siemens, the five-zone configuration described 
above was chosen for the present design. 
Therefore, the total pressures drop affecting the coolant in flowing though a coolant 
channel is a composed of the following contributions: 
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1. Channel inlet (inlet effect and sieve contribution)  
2. Throttle (where present) 
3. Fuel assembly (including bottom and top plates, spacers, linkages, etc.)  
4. Channel outlet (eventually including reinforcing pipes)  
Section 5.3 of the present Chapter describes the development and application of 
detailed CFD model for the evaluation of each contribution listed above; namely, 
Section 5.3.1 is devoted to the analyses of the coolant channel inlet together with 
the throttles; Section 5.3.2 describes similar analyses for the coolant channel outlet 
while Section 5.3.3 provides a wide spectrum of analyses related to the fuel 
assembly and spacer grids, together with the comparison against specific 
experimental data. 
However, for the purpose of the present simulation, a simplified description of the 
core pressure losses is envisaged, taking into account the reference values 
provided by the DRUD2O code, a system thermal-hydraulic code formerly used by 
SIEMENS to analyze and design CNA-type reactor. The pressure drop values 
included in the code were derived by SIEMENS from experimental data, and thus 














1 1b 30 9.285 
2 2b 36 11.70 
3 3b 42 15.08 
4 5c 90 21.27 
5 no 253 27.73 
Fig. 54 − Hydraulic zones. 
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The CFD model does not include a detailed description of the core region, the 
actual coolant channels are replaced by 451 simplified cylindrical channels 
connecting the LP to a dummy outlet volume (see Fig. 55). Therefore all 
geometrical details related to the channel inlet, the different throttles, the fuel 
assembly and the channel outlet are neglected. Such “simplification” is mandatory, 
since a detailed modeling of the mentioned geometrical features would require 
such a huge number of computational nodes that would make the CFD analysis 


















x = 32.7 cm
A = 67.9 cm2  
Fig. 55 – CFD modeling of coolant channels. 
In order to take into account the effect produced by the simplified geometrical 
features on the flow field, additional pressure losses have been applied to the 
coolant channels volume in the CFD model, according to the different hydraulic 
zones. 
The additional pressure losses consist of a negative momentum source included in 
the momentum balance equation (i.e. the Reynolds-Averaged Navier-Stokes 
equation, see Section 4.7.3.1.2), modeled according to the “Darcy law”, which 
assumes a linear relationship between the pressure drop and the square velocity 










 Eq. 11 
 
 
University of Pisa - 110 - April 2011 
 
Page 110 of 282 – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Terzuoli Fulvio 
The model requires setting the k pressure loss coefficient. It has been calculated 





















 Eq. 12 
 
where: 
 p = pressure drop through the whole coolant channel 
 x = length of the domain to which the momentum source is applied (32.7 
cm) 
  = fluid density (nominal operating conditions) = 837.38 kg/m
3
 
 A = cross-section area of the domain to which the momentum source is 
applied = 67.9 cm
2
 
 Qm = volume flow rate through the coolant channel 
Five loss coefficients have been defined to account for the five-zone configuration, 
their values (listed in Tab. 12) have been calculated based on the pressure drops 















1 1b 9.285 
5.95 
1702 
2 2b 11.70 1072 
3 3b 15.08 645 
4 5c 21.27 324 
5 none 27.73 191 
Tab. 12 – Pressure loss coefficients 
5.1.2.4 Performed Calculations and Sensitivity Analyses 
An overall number of 7 CFD calculations were performed to provide useful 
information on grid sensitivity and boundary condition. The following simulations 
were performed: 
 Sensitivity on grids: 
o A1.0 – Reference grid 
o A6.0 – Coarser grid 
 Sensitivity on boundary conditions: 
o A2.0 – without cold legs; sensitivity on inlet location 
April 2011 - 111 - University of Pisa 
 
Terzuoli Fulvio – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Page 111 of 282 
o A3.0 – without cold legs and penetration in the DC; sensitivity on 
DC geometrical features 
o A4.0 – doubled outlet volume; sensitivity on outlet location 
o A5.0 – doubled gap between lower filler and LP grid structure 
o A1.1 – without throttles (grid A1.0) 
One sensitivity calculation was run for each auxiliary grid, each variation of 
boundary location implied an additional grid to be developed. In addition, a 
calculation was also run (A1.1) using the reference grid and removing the sub-
division into hydraulic zones (i.e. setting a unique pressure loss coefficient value). 
5.1.2.5 Convergence Criteria 
Based on UNIPI experience and on the common best practice in the CFD analysis 
of industrial-scale problems, a convergence criterion based on the following two 
conditions was applied to all performed steady-state calculations: 
1. The residuals must decrease by at least 4-5 orders of magnitude 
2. The velocity, pressure, temperature fields etc. must be stabilized 
As an example, Fig. 56-a shows a plot of residuals of momentum and mass 
conservation equations as a function of the number of iterations performed, during 
the reference steady-state simulations, therefore the first condition was 
satisfactorily achieved. 
Fig. 56-b shows a plot of the “numerical tracer” value at the inlet of each channel, 
as a function of the number of iterations performed. After the first 400 iterations the 








Fig. 56 – Achievement of the adopted convergence criteria: momentum and mass 
residuals (a) and tracer value at channel inlets (b). 
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5.1.3 Results of Steady-state Simulations of Lower Plenum Flow 
5.1.3.1 Results of Reference Calculation 
Hereafter the results of steady-state calculation in nominal conditions adopting the 
reference grid (A1.0) are shown and analyzed. 
5.1.3.1.1 Velocity Field 
Fig. 57 shows a plot of velocity vectors, colored by velocity magnitude, predicted by 
the code over the whole computational domain. The following observations can be 
made from the figure: 
 the “holes” in the upper part of the domain (penetrations in the DC, pipes 
going to/coming from the UP), have a local influence on the velocity field; 
 the velocity magnitude in the upper part of the DC (nozzles region) seems 
to be smaller than in the lower part; this is due to the MT diameter variation 
below the nozzle region; 
 low-velocity or stagnation regions form in the DC far from the cold legs 
(central part of the figure), which indicates a non uniform azimuthal velocity 
distribution in the DC; 
 the influence of the MT spacers is clearly visible in the bottom of the LP, 
where the wakes converge; 
 a general counter-clockwise flow rotation appears in the LP, indicated by 
the wakes downstream of the spacers; 
 a low-velocity (or stagnation) zone appears in the centre of the LP; 
 the non-uniformity of the velocity field in the LP seems to be influenced by 




Fig. 57 – Reference calculation: velocity vectors. 
April 2011 - 113 - University of Pisa 
 
Terzuoli Fulvio – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Page 113 of 282 
Another interesting picture of the velocity field developing in the DC is provided by 
Fig. 58, which shows how the streamlines entering from one cold leg distribute 
inside the RPV. Such flow distribution basically indicates: 
 a counter-clockwise flow rotation (already observed above) formed starting 
from the upper part of the DC; 




Fig. 58 – Reference calculation: streamlines from CL1. 
5.1.3.1.2 Flow Distribution through the Coolant Channels 
Concerning the mass flow distribution through the core, the reference calculation 
yielded the results summarized in Fig. 59 and in Tab. 13. As shown, the mass 
flowrate distributes thorough the channels according to the five hydraulic zones, 
showing negligible deviations within each zone. 
Moreover, the zone-averaged flowrates calculated by the CFD model are very 
much close to those obtained by DRUD2O which are referred to as “nominal” 
design values, showing a 1% maximum relative difference. The slight difference in 
the overall pressure drop through the core could be easily removed with some 
tuning on pressure loss coefficients. 
Such result confirms that: 
 the LP design is such that the desired coolant distribution is achieved; 
 the simplified pressure loss model adopted is appropriate for taking into 
account the flow resistances through the coolant channels. 
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DRUD2O CFX DRUD2O CFX 
1 30 9.28 9.38 +1.0% - -  
2 36 11.70 11.82 +1.0% - -  
3 42 15.08 15.21 +0.9% - -  
4 90 21.27 21.35 +0.4% - -  
5 253 27.73 27.65 -0.3% - -  
tot 451 10262.7 10262.7 0.0% 5.95 6.09 +2.42% 
Tab. 13 – Mass flow distribution over the channels: comparison against DRUD2O 
values. 
5.1.3.1.3 Pressure Field 
The above results regarding the coolant flow distribution over the core are 
connected with the calculated pressure distribution in the lower plenum, which is 
shown in Fig. 60. The pressure scale in the figure represents the “relative pressure” 
with respect to the domain outlet, and must not be read as an absolute pressure 
value (otherwise it should have been in the order of 10
7
 Pa). 
As expected, the grid structure produces some flow resistance along the flow path 
from the LP periphery towards the centre, and therefore a non uniform pressure 
field results in the LP. However the largest pressure difference is only ~12 kPa, 
therefore the pressure field can be considered practically equalized. 
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Again, the Figure clearly shows the counter-clockwise flow rotation in the LP, 






Fig. 60 – LP pressure field (horizontal cut of the LP). 
5.1.3.1.4 Massflow Exchange between the Boxes 
The local pressure differences in the Lower Plenum govern the mass flowrate 
through the interconnections between rhomboidal sub-plena. As an example, Tab. 
14 reports the mass flow exchanges between some rhomboidal sub-plena (no. 1 to 
7) and the neighboring sub-plena. Fig. 61 shows the criterion followed to number 
the boxes and their interconnections. 
The table is an extract from the complete one, which contains data for all the 
central 37 rhomboidal boxes (out of 65) with their 88 interconnections. Only the 
boxes with a complete rhomboidal shape have been taken into account, thus 
excluding the 28 peripheral, incomplete boxes of the grid. 
As can be seen from Tab. 14, according to the CFD calculation the mass flowrate 
in a single connection can reach values up to 95 kg/s, while the overall mass 
exchange between a single box and the connected four neighboring boxes can be 
up to 200 kg/s. Let us consider a box in the inner area of the grid, the overall mass 
flowrate through its nine non-throttled channels is ~250 kg/s, i.e. the same order of 
magnitude of the mass exchanged with its neighboring boxes. 
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Relative Mass Flowrate 
wrt 9 non-throttled 
channels (central box) from to 
1 1 3 17 % 
2 1 5 19 % 
3 1 6 17 % 
4 1 2 19 % 
5 2 7 1 % 
6 2 8 30 % 
7 2 9 21 % 
8 3 9 9 % 
9 3 10 38 % 
10 3 4 19 % 
11 4 11 21 % 
12 4 13 37 % 
13 4 5 0 % 
14 5 14 24 % 
15 5 15 21 % 
16 6 15 10 % 
17 6 16 38 % 
18 6 7 20 % 
19 7 17 21 % 
20 7 19 38 % 
… … … … 











Fig. 61 – Numbering criterion for  rhomboidal sub-plena and connections. 
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5.1.3.1.5 DC Flow Rotation 
As discussed above, the reference calculation results showed quite an unexpected 
effect, i.e. the appearance of a large counter-clockwise flow rotation in the 
downcomer (roughly 70°). 
Such effect is even better evidenced by the numerical tracer that is assumed to 
enter form one cold leg. This is shown in Fig. 62, where blue and red zones 
indicated the coolant flowing from Cold Leg 1 and 2 respectively. The ideal flow 
distribution would obviously be symmetric with respect to the plane passing 
through the RPV axis and normal to the inlet nozzles axis. 
The flow rotation, which is rather similar to the “swirl effect” encountered in VVER 
nuclear reactors (Ref [4]), is affecting the loop-to-loop mixing, which in turn may be 
relevant in specific transient scenarios such as those connected to an asymmetric 







Fig. 62 – Counter-clockwise flow rotation: side view (a) and view from the  
bottom (b). 
5.1.3.2 Results of Sensitivity Calculations 
As mentioned in Section 5.1.2.4, some auxiliary grids have been developed in 
order to perform sensitivity analyses on the most relevant geometrical features of 
the computational domain together with sensitivity analyses on selected boundary 
conditions. The following sensitivity analyses were performed: 
 Sensitivity on grids: 
o A1.0 – Reference grid 
o A6.0 – Coarser grid 
 Sensitivity on boundary conditions: 
o A2.0 – without cold legs; sensitivity on inlet location 
o A3.0 – without cold legs and penetration in the DC; sensitivity on 
DC geometrical features 
o A4.0 – doubled outlet volume; sensitivity on outlet location 
o A5.0 – doubled gap between lower filler and LP grid structure 
o A1.1 – without throttles (grid A01.0) 
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5.1.3.2.1 Flow Distribution through the Coolant Channels 
As regards the mass flow distribution through the coolant channels, all sensitivity 
calculations yielded practically the same results, with 0.3% maximum relative 
differences. As expected, the calculation without throttles (A1.1) shows a uniformly 
distributed mass flowrate over the coolant channels corresponding to the channel-
averaged value of the overall mass flowrate. Such results are summarized in  
Fig. 63 and Tab. 15. 
This result is connected with the negligible difference between the pressure 
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Fig. 63 – Sensitivity calculations: flow rate distribution over the coolant channels. 
HZ 
Channel Mass 
Flowrate [kg/s] Rel. 
Diff. 
Relative Difference w/r to A1.0 
DRUD2O CFX A2.0 A3.0 A4.0 A5.0 A6.0 
1 9.28 9.38 +1.0% -0.3% -0.3% 0.0% 0.0% 0.0% 
2 11.70 11.82 +1.0% -0.3% -0.3% 0.0% 0.0% -0.1% 
3 15.08 15.21 +0.9% -0.2% -0.2% 0.0% 0.0% -0.2% 
4 21.27 21.35 +0.4% -0.2% -0.2% 0.0% +0.1% -0.2% 
5 27.73 27.65 -0.3% +0.1% +0.1% 0.0% 0.0% 0.0% 
Tab. 15 – Mass flow distribution over the channels: comparison against  
DRUD2O values. 
5.1.3.2.2 DC Flow Rotation 
The comparison of the reference result with the result obtained from the simulation 
A2.0 (the one without CL) shows that the counter-clockwise flow rotation in the 
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are removed from the model, the flow rotation practically disappears, or at least 







Fig. 64 – The flow rotation effect: results from grids with (a) and  
without cold legs (b). 
The influence of the elbow on the flow rotation effect can be interpreted as follows: 
the elbow produces a lateral shift in the velocity barycentre, thus misaligning the 
momentum vector with respect to the RPV axis (see Fig. 65). This results in some 
angular momentum entering the RPV from both cold legs, which would obviously 
be absent in case of perfectly symmetric inlet conditions. The angular momentum 
is then easily transferred into the DC owing to its cylindrical shape 
Fig. 64-b shows that a little flow rotation and a small vortex in the centre of the LP 
are predicted even for the symmetric configuration (i.e. without cold legs); this 
effect is probably due to some numerical instabilities at the central bottom of the 
LP, in which a stagnation point is foreseen from a theoretical analysis, but actually 
unrealistic. 
Obviously, other factors could have an influence on the flow rotation phenomenon, 
such as: 
 The presence of secondary flows in the CL, induced by the pump 
impellers, or by the partial obstruction of the CL cross section at the 
connection with the MCP; 
 Transient effects related to the procedure of pumps start-up (e.g. the two 
MCP being switched-on at different times); 
 Misalignment of CL and RPV axis with respect to design values. 
The possible contributions to the flow rotation phenomenon, and its relevance to 
the reactor safety can be matter for future investigations, partly addressed in 
Section 5.1.4. 
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Fig. 65 – Angular momentum at cold leg nozzles. 
5.1.3.2.3 Massflow Exchange between the Boxes 
Tab. 16 reports the mass flow exchanges between some rhomboidal sub-plena 
(no. 1 to 7) and the neighboring sub-plena, according to CFD predictions for each 
calculation. The table is an extract from the complete one, which contains data for 
all the 37 rhomboidal boxes (out of 65) with their 88 interconnections. The total 
amount of flowrate exchanged (between 88 interconnections) is also reported in 
terms of relative amount with respect to the overall coolant mass flowrate through 
the core, so as to provide quantitative idea of the overall phenomenon. 
The calculations A2.0 and A3.0 (the ones without CL) provide much reduced mass 
flowrates with respect to reference calculation (27% against 42%). The coarse grid 
(A6.0) provides a slight general reduction of mass exchanges (36%), but significant 
effect locally. Similar results are obtained by the calculation A1.1  
(38%), the one without throttles. Finally, no significant variations are obtained using 
the grid with double outlet volume (A4.0). 
The flow rotation noticeably affects the amount of coolant exchanged thorough the 
interconnections between boxes, yielding an increase of about 50%. 
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Mass Flowrate wrt 9 non-throttled 
channels (central box) 
from to A1.0 A2.0 A3.0 A4.0 A5.0 A6.0 A1.1 
1 1 3 17% 18% 15% 18% n.a. 22% 13% 
2 1 5 19% 9% 7% 21% n.a. 14% 17% 
3 1 6 17% 18% 15% 17% n.a. 25% 13% 
4 1 2 18% 10% 7% 21% n.a. 15% 17% 
5 2 7 1% 6% 6% 2% n.a. 6% 3% 
6 2 8 30% 16% 15% 24% n.a. 22% 23% 
7 2 9 21% 14% 11% 26% n.a. 27% 25% 
8 3 9 9% 3% 4% 9% n.a. 2% 8% 
9 3 10 38% 26% 25% 38% n.a. 34% 33% 
10 3 4 19% 17% 16% 20% n.a. 24% 17% 
11 4 11 21% 19% 21% 21% n.a. 17% 20% 
12 4 13 37% 20% 20% 37% n.a. 28% 34% 
13 4 5 0% 6% 7% 2% n.a. 7% 4% 
14 5 14 24% 15% 14% 24% n.a. 23% 23% 
15 5 15 21% 16% 15% 21% n.a. 28% 25% 
16 6 15 10% 2% 3% 10% n.a. 2% 8% 
17 6 16 38% 26% 25% 38% n.a. 33% 34% 
18 6 7 20% 18% 16% 22% n.a. 21% 16% 
19 7 17 21% 18% 19% 21% n.a. 17% 20% 
20 7 19 38% 20% 19% 37% n.a. 26% 34% 
… … … … … … … … … … 
Relative Total (88 
connections) wrt overall 
coolant mass flowrate 
42% 27% 27% 43% n.a. 36% 38% 
Tab. 16 – Mass exchange between rhomboidal sub-plena (extract from complete 
table). 
5.1.4 Additional Investigation of Downcomer Flow Rotation 
The CFD simulations of the coolant flow inside the RPV of Atucha-II, presented 
above, showed the presence of an azimuthal shift in the downcomer as the coolant 
flew downwards. Such phenomenon, although not experimentally observed in 
Atucha-II, recalled a similar behavior observed in VVER-1000 reactors. 
The analyses presented in this Sections aim at further investigating the above “flow 
rotation” effect, to identify the possible causes and possible geometrical and 
operational features that may affect it. 
5.1.4.1 Experimental Evidence 
The downcomer flow rotation phenomenon is well-known in the VVER-1000 
technology, though is it not well-understood. There are many experimental 
evidences of it from real plants, but little information is publicly available on its 
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characterization and on outcomes of investigations on its possible causes (such 
information having, most probably, a proprietary nature). On the other hand, 
several attempts can be found in the literature to numerically simulate this 
phenomenon with CFD codes. Most of such attempts have been unsuccessful, 
since the phenomenon involves hydraulic instability and inherently unsteady 
features which require more sophisticated turbulence modeling approaches than 
those commonly adopted. 
No experimental information is available on the possibility that the flow rotation 
phenomenon occurs in a real-plant PHWR such as Atucha-II. Commissioning tests 
could be envisaged to investigate this possibility. One possible test consists in 
running steadily both main coolant pumps, perturbing the temperature in one loop 
and measuring the temperature at the inlet (or outlet) of a sufficiently large number 
of coolant channels so as to obtain a map of loop-to-assembly mixing coefficients. 
A similar approach was adopted during the commissioning tests of Kozloduy-6 
VVER-1000 NPP (Ref. [4]). 
5.1.4.2 Additional Computational Grids 
Two additional grids were developed in order to refine the DC region, since in 
previous grids most meshing effort was spent in the lower plenum, where a 
complicate geometry had to be dealt with. 
The new grids were developed with the meshing tool ANSYS ICEM-CFD 11.0 (Ref. 
[56]) and are briefly described below. Both of them adopt a simplified description of 
the geometry of the lower plenum, in order to afford spending more resources on 
the downcomer. 
The grid DC1 is shown in Fig. 66. The computational domain includes the entire 
CLs, the downcomer, the lower plenum (simplified) and an outlet volume. The 
whole grid is made of hexahedral elements. This mesh is much finer than the 




Fig. 66 – Computational grid DC1. 
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The grid DC2, showed in Fig. 67, is a hybrid grid made of tetrahedral, prismatic and 
hexahedral elements. The computational domain includes the emergency injection 
nozzles also. 
The cold legs are meshed with prisms obtained from the extrusion of triangles and 
quadrangles at the cold leg nozzle surface. The RPV inlet region is meshed with 
tetrahedra and is provided with prism layers close to walls. The central part of the 
downcomer is meshed with prisms, obtained from the extrusion of triangles and 
quadrangles at the annular ring below the nozzle region. Obviously, the most 
important difference with respect to the previous grid is the adoption of tetrahedra 
in the RPV nozzle region. 
The most relevant parameters of the two grids are listed in Tab. 17, together with 











A-1 7.3 2.1 
DC-1 2.3 2.4 
DC-2 4.7 1.8 
Tab. 17 – Relevant parameters of developed grids. 
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5.1.4.3 Results from Additional Calculations 
Eight additional calculations have been run using the two grids described above, 
with the purposes of investigating the effect of the following items on the flow 
rotation: 
 Numerical discretization scheme: Upwind vs. High Resolution; 
 Solver setting: transient vs. steady-state solver; 
 Grid type: tetrahedra vs. hexahedra; 
 Partial obstruction on CL inlet; 
 Secondary swirling flows in CL; 
 Time shift in pump start-up. 
All calculations were run with the CFD code ANSYS CFX 11.0 (Ref. [45]), using the 
Shear Stress Transport (SST) turbulence model associated with an automatic wall 
treatment of turbulence. 
The additional calculations performed, along with the reference one, are listed in 
Tab. 18, where the predicted flow rotation angle is indicated too. Furthermore, Fig. 
68 shows pictures of the flow rotation effect. 
 






A1.0 A1 Steady-State Upwind - 70 
DC1.1 DC1 Steady-State Upwind - 43 
DC1.2 DC1 Steady-State High resolution - 18 
DC1.3 DC1 Transient High resolution - 22 
DC2.1 DC2 Steady-State Upwind - 22 
DC2.2 DC2 Steady-State High resolution - (*) 
DC1.4 DC1 Steady-State Upwind 1/2 inlet section -12 
DC1.5 DC1 Steady-State Upwind swirl at inlet 33 
DC1.6 DC1 Transient Upwind 
time shift in 
pump start-up 
40 
(*) Cannot be defined 
Tab. 18 – Rotation angle from additional calculations. 
The first important result is that the flow rotation effect is quite sensitive to the 
mesh. Switching from the previous “coarse” grid A1.0 to the hexahedral grid DC1 
(case DC1.1) has brought to a noticeable reduction in the angular shift (from 70° to 
43° counter-clockwise). Moreover, switching to the tetrahedral grid DC2 (case 
DC2.1) a further reduction in the shift occurs (22° counter-clockwise). 
A strong effect is also due to the space discretization scheme. In fact, with the 
higher order scheme the predicted angular shift is less than one half of that with the 
upwind scheme (cases DC1.2 and DC1.1 respectively). 
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Fig. 68 – “Swirl” effect from additional calculations. 
The higher order scheme was used also on the tetrahedral grid DC2 (case DC2.2), 
but the results appear to be affected by numerical instabilities and poor 
convergence, and it was not possible to measure the predicted angular shift. 
Using the transient solver instead of the steady-state solver had little effect on the 
results (case DC1.3, to be compared with case DC1.2). 
Case DC2.1 was run using the “tetra mesh” and the same settings as case DC1.1. 
The predicted flow rotation results to be about one half of that of in the reference 
case, which indicates a rather strong influence of the mesh type. 
Calculation DC1.4 was run with a modified inlet condition at both inlet boundaries, 
i.e. an inlet flow velocity was defined only on the top half of the cross section, while 
the bottom half of the boundary was considered as a wall. This configuration is 
similar to the actual geometry of the connection between the main coolant pump 
outlet and the cold leg, where a sort of “dam” is present, which obstructs half of the 
cross section and is meant to prevent backflows to the pump during stagnating 
conditions with CL party covered. As expected, such partial obstruction strongly 
alters the flow field in the CL and, consequently, also the flow rotation effect is 
strongly influenced. The predicted angular shift is, in this case, 12° clockwise. 
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Another effect that is expected to influence the flow rotation is the presence of 
secondary swirling motions in the CL, which may be induced by the pump 
impellers. Case DC1.5 was run imposing such an arbitrary swirling motion at the 
inlet of each CL. The resulting angular shift was 33° counter-clockwise, somewhat 
smaller than in the reference case DC1.1. It is worth remarking that the actual inlet 
conditions are, in the real plant, a combination of the real geometry (e.g. with the 
partial obstruction) and of the complex flow distribution produced by the pump 
impellers. Such conditions cannot be accurately defined here, since they would 
require a specific modeling for the pump. 
Finally, a transient calculation (DC1.6) was performed in which the start-up of each 
pump is modeled (by definition of flowrate time-histories), assuming that a delay of 
two minutes occurs between the start-up of the first pump and the start-up of the 
second one. The resulting angular shift practically coincides with the one obtained 
in the reference case (a little difference of few degrees exists, probably due to the 
use of a transient solver instead of the steady-state solver). 
5.1.5 Conclusions on the Investigation of DC and LP Flow Field and 
Mixing 
A computational grid was developed representing the cold legs, the downcomer 
and the lower plenum of CNA-2 reactor, suitable for steady-state and transient 
analysis of single-phase in-vessel flow, both in normal and off-normal operation 
conditions. 
The developed mesh is quite detailed in the geometrical description (except for 
smallest details, i.e. < 1 cm), and relatively large in terms of number of nodes, so 
as to take advantage of the availability of parallel computing resources. 
Such high-quality mesh was developed using state-of-the-art tools, following the 
best practice commonly adopted for applications of similar complexity in the 
nuclear technology field, taking advantage of the experience and the expertise 
available at UNIPI. 
A steady-state CFD calculation was performed using the above grid, in order to 
investigate the flow field developing during normal operation in the RPV of CNA-2, 
and check the flow distribution through the coolant channels. 
A pressure losses model for the coolant channels, based on the Darcy law, was 
implemented in the CFD simulation set-up, with loss coefficients tuned on 
DRUD2O results, and sub-divided into five hydraulic zones to account for the 
different throttle types adopted in CNA-2 design. 
Moreover, five CFD meshes were developed as modified versions of the above 
mentioned reference grid, which were utilized for performing additional CFD 
calculations with the purpose of analyzing the results sensitivity upon selected 
geometrical features and boundary conditions of the computational domain, so as 
to provide further information on the phenomena investigated and extend the 
qualification basis 
The key achievements from the reference and sensitivity CFD calculations can be 
summarized as follows: 
 An almost uniform pressure field throughout the LP results from all 
calculations; largest pressure deviations are around 12 kPa, the local 
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pressure negative variations due to vortex formation and flow detachment 
are far from leading to cavitation issues; 
 The calculated coolant channels flowrate distribution satisfactorily agrees 
with nominal values for each hydraulic zone, which confirms that lhe LP 
design is such that the inner channels are reached by the expected 
flowrate and the adopted pressure losses modeling is appropriate and 
qualified; 
 A negligible influence of the addressed sensitivity parameters was shown 
on the flow distribution (location of inlet and outlet boundaries; mesh sized; 
grid-lower filler gap); 
 A relatively large amount of flow appears to be exchanged between the 
adjacent rhomboidal sub-plena, comparable with the total flowrate related 
to all nine channels corresponding to a sub-plena; 
 A large angular displacement of the flow occurs in the downcomer; a 
possible cause for such effect (but not necessarily the only one) is the 
presence of horizontal elbows on the cold leg, connected with the anti-
symmetry of the system; no information is however available concerning 
the experimental evidence of such effect (although similar behavior has 
been observed in many VVER-1000 reactors, as testified by a lot of 
experimental information from real plants. 
Additional CFD simulations have then been performed to provide further insight – 
although only from a numerical point of view – on that phenomenon. Two additional 
computational grids have been developed and used for the purposes, and eight 
simulations have been performed addressing both numerical (grid, solver, 
numerical scheme) and physical aspects based on the actual design of CNA-2; 
namely the partial obstruction of CL inlet cross section, a possible swirling motion 
caused by pump impellers, and a of time shift in the start-up of pumps. 
All of the additional CFD results seem to confirm the presence of the downcomer 
flow rotation, although no clear conclusion can be drawn about the amount of the 
angular shift. In all cases the predicted shift is counter-clockwise, except when the 
obstruction at the CL inlet is assumed. 
A strong influence of the mesh (type and size) on the amount of the rotation has 
been shown. In particular, the additional developed grids, which are finer than the 
previous grid, predict a smaller rotation. Moreover, the hybrid grid (with tetrahedra 
in the RPV inlet region) predicts a smaller shift than the hexahedral grid. Further 
mesh refinement would probably be necessary to achieve grid independency and 
equivalent results from meshes of different types; such systematic investigation of 
the mesh sensitivity was however beyond the available computing power. 
A noticeable sensitivity on the spatial discretization scheme is also shown, the 
higher order scheme predicting smaller angular shift than the first-order Upwind 
scheme. Such a different behavior would be expected to disappear if a sufficient 
grid refinement was made. 
The calculations performed with modified inlet conditions (partial obstruction; 
swirling motions) confirm that the flow rotation effect is driven, at least to some 
extent, by the secondary flow structures developing inside the cold legs due to the 
effect of the main coolant pumps. 
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It can be concluded that the flow rotation in Atucha-II is easily detected by CFD, but 
the dispersion in the results indicates that an accurate prediction of the angular 
shift is rather challenging. Moreover, it would be advisable that tests be performed 
on the real plant (e.g. during the commissioning phase) to explore the actual 
occurrence of the flow rotation. 
5.2 Investigation of UP Flow Field and Mixing 
The present Section describes the development of a CFD model suitable for 
investigating the coolant flow in the upper plenum of CNA-2 RPV both for  
steady-state and transient flow conditions, in order to provide insight on the flow 
structures developing inside the UP, and checking for the coolant flow distribution 
through the hot legs. 
With such purposes, two computational grids were developed and several 
reference and sensitivity calculations were performed. 
5.2.1 Development of UP Computational Grids 
5.2.1.1 Identification of the Computational Domain 
The selected computational domain includes the UP and the two HL nozzles as 
shown in Fig. 69. The UP consists of the volume included in the MT closure head 
(Fig. 69-b), bounded by the lower plate, the upper ellipsoidal shell and the lateral 
cylindrical wall. The MT closure head is provided with several hundred 
penetrations, among which the following ones have been taken into account in the 
CFD model (Fig. 69-c): 
 4 Moderator Downcomers (violet) 
 2 Moderator Suction pipes – simplified description 
 2 Fuel Failure Detection Systems – simplified description 
 451 Coolant Channels – presence of different types of reinforcing tubes 
accounted for (blue, green and red) 
The guide tubes of control rods and of in-core instrumentation, which intersect the 
UP volume, have been neglected, so as to achieve a compromise between the 
level of detail of the geometric description, and the need of adapting the grid size to 
the computing resources and time available. However, such guide tubes are 
relatively thin and are not believed to have a relevant influence on the UP flow 
field. 
As already show in Section 3.4.6, the UP is crossed by the fuel assemblies, and, 
just above the lower plate of the MT closure head, each guide tube is provided with 
openings for allowing the coolant to exit from the channel and collect into the UP. 
Furthermore, a number of guide tubes are surrounded by reinforcing tubes (shown 
in Fig. 70-a), so as to increase the MT closure head stiffness. 
Each of the 451 coolant channels has been modeled as a regular cylinder, with 
different diameter to account for the presence of different types of reinforcing 
tubes. The 2D region corresponding to the outlet of each channel has been 
modeled as a portion of the above cylinder and constitutes the coolant inlet 
surfaces of the CFD model (blue cylindrical surfaces in Fig. 70-b). 
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Fig. 69 – Selected computational domain: 2D cross section (a), CAD model of 








Fig. 70 – Selected computational domain: Type I, II and III reinforcing tubes (a); 
CFD model of the coolant channels (b). 
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It is worth mentioning the peculiar configuration of CNA2 UP with respect to usual 
PWR configuration: in fact, such as the LP, also the UP is partly filled with a steel 
body in order to limit the heavy water inventory, thus producing in a “narrowed” 
shape UP; therefore the coolant is forced to an abrupt change of direction as soon 
as it exits the coolant channels. 
5.2.1.2 Development of the Reference Grid 
The reference grid B1 is completely made of tetrahedral elements, since this kind 
of geometry, featured by the presence of such a large number of channels (to be 
considered as penetrations in the domain), would have not permitted to develop a 
block-structured hexahedral grid. The application of the “modular approach” 
described in Section 5.1.1.2 was not applicable in this case. 
The resulting reference grid, is made up of around 1 million nodes and 5.3 million 
tetrahedra. 
Two pictures of the grid are shown in Fig. 71: picture in Fig. 71-a shows the surface 
mesh on the coolant channels guide tubes (cyan), the reinforcing tubes (blue, 
green, yellow), the moderator downcomers (magenta), as well as on one outlet 
boundary (red); while picture in Fig. 71-b shows the mesh on the external surfaces 
bounding the computational domain; the holes in the domain represent the 








(a)     (b) 
Fig. 71 – Reference grid B1: different colors indicate different types of reinforcing 
tubes around channels. 
5.2.1.3 Auxiliary Grids 
As stated above, an auxiliary grid (B2) was developed with a different mesh size, in 
order to allow mesh sensitivity analyses. In particular, the mesh was coarsened 
with respect to the reference grid (a refinement would have been desirable, but not 
affordable in terms of computing resources). 
As well as the reference grid, also the grid B2 is completely made of tetrahedral 
elements. It is made up of around 0.5 million nodes and 2.4 million elements, 
nearly halved with respect to the reference grid B1. 
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5.2.2 Set-up of Steady-state Simulations of Upper Plenum Flow 
Steady-state CFD calculations were run in order to investigate the flow distribution 
and the flow structures developing in the upper plenum of CNA2 RPV. 
The simulations were performed using the computational grids mentioned above, 
and the CFD package ANSYS CFX 10.0. 
Moreover, sensitivity analyses were performed in addition to the reference 
calculations, so as to provide relevant information on the influence of some 
parameters. 
5.2.2.1 General Modeling Choices 
Similar general modeling choices were applied as those for LP simulation, 
described in Section 5.1.2.1, summarized hereafter. 
The working fluid was defined as incompressible water having the following 
properties: 
 Temperature: 585 K (only needed to calculate the two following properties) 
 Density: 775 kg/m³ 
 Dynamic Viscosity: 2.03·10
-4
 kg/m·s 
The following field equations were solved: 
 Mass balance (Continuity) 
 Momentum balance (Navier-Stokes equation in Reynolds-averaged form) 
 Transport of turbulent kinetic energy (k) 
 Transport of turbulent eddy frequency () 
Additional settings: 
 Turbulence model: k-ω based Shear Stress Transport (SST) 
 Buoyancy model: not activated 
 Numerical discretization scheme: first-order (Upwind) 
Finally, the convergence criteria described in Section 5.1.2.1 were adopted. 
5.2.2.2 Boundary Conditions 
The mass flowrate was imposed for each of the 451 channels, subdivided by the 5 
hydraulic zones. The reference results of the LP analysis were used as inlet 
boundary conditions for the UP, after averaging over each hydraulic zone. 
The flowrates were imposed through the definition of a uniform velocity profile, 
radially directed, on each cylindrical inlet boundary (i.e. on the outlet surfaces of 
the coolant channels). 
Tab. 19 shows the imposed values of mass flowrates and velocities at the outlet 
surface of the coolant channels (the latter calculated taking into account the proper 
flow area of each inlet, thus the presence of different types of reinforcing tubes) 
based on the results of LP reference calculation (Section 5.1.3.1). 
For all three calculations, an “Outlet” boundary condition was defined at both outlet 
hot leg nozzles, imposing an average relative pressure value equal to zero. 
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CC Type Throttle No. of CC 
0 1 26 9.38 
34065 
0.367 
0 2 30 11.82 0.463 
0 3 34 15.21 0.595 
0 4 76 21.35 0.836 
0 5 218 27.65 1.082 
I 1 2 9.38 
42960 
0.291 
I 2 6 11.82 0.367 
I 3 8 15.21 0.472 
I 4 8 21.35 0.663 
II 1 2 9.38 0.291 
III 4 6 21.35 
44558 
0.639 
III 5 35 27.65 0.827 
Tab. 19 – UP inlet values based on LP reference calculation 
5.2.2.3 Performed Calculations and Sensitivity Analyses 
An overall number of 3 CFD calculations were performed to provide useful 
information. The following simulations were performed: 
 Sensitivity on grids: 
o B1.0 – Reference grid 
o B2.0 – Coarser grid 
 Sensitivity on boundary conditions (with reference grid B01): 
o B1.1 – “Natural Circulation” conditions 
In calculation B1.1, the channel mass flowrates were arbitrarily reduced up to 5% 
of the above reference values, in order to simulate a hypothetic natural circulation 
regime. 
5.2.3 Results of Steady-state Simulations of Upper Plenum Flow 
5.2.3.1 Results of Reference Calculation 
Some streamlines entering from inlet boundaries (i.e. channel outlets) are plotted in 
Fig. 72 for the reference simulation B1.0, showing the structure of the flow 
developing in the UP: the hot fluid coming from the coolant channels divides into 
two quasi-symmetric sectors (with respect to the central plane normal to the CL 
axis), and then flows nearly horizontally towards the two hot legs. 
More precisely, the flow entering the domain from each channel has an horizontal 
direction (since this is the way the inlet boundary condition is defined); then it 
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impacts with the coolant flowing from the neighbor channels and abruptly changes 
its direction getting a higher vertical component; finally it redirects towards the exit, 
where the flow coming from half coolant channels (half core) form a unique stream. 
This effect is more pronounced far from the nozzles, i.e. close to the symmetry 
plane. 
No vortex formation appears. The largest velocities are reached in the regions 
close to the nozzles since all the flow concentrates there. 
These considerations are confirmed also by the velocity vectors projected on a 






Fig. 72 – Results of UP reference simulation (B1.0): streamlines of velocity field. 
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Fig. 73 – Results of UP reference simulation (B1.0): velocity vectors projected on a 
vertical plane. 
5.2.3.2 Results of Sensitivity Calculations 
The sensitivity calculation B2.0, performed on the coarsened grid (B02), did not 
show any appreciable difference with respect to the results of the reference 
calculation; therefore the considered grid refinement effect on the flow filed (at a 
macroscopic scale level) is negligible. 
5.2.4 Conclusions on the Investigation of UP Flow Field and Mixing 
A computational grid was developed representing the upper plenum of CNA-2 
reactor, suitable for steady-state and transient analysis of single-phase in-vessel 
flow, both in normal and off-normal operation conditions. 
The developed mesh is quite detailed in the geometrical description (except for 
such details which were not expected to have any important influence of the flow 
behavior and could not be described in detail without developing too large and 
resource-consuming meshes), and relatively large in terms of number of nodes, so 
as to take advantage of the availability of parallel computing resources. 
Such high-quality mesh was developed using state-of-the-art tools, following the 
best practice commonly adopted for applications of similar complexity in the 
nuclear technology field, taking advantage of the experience and the expertise 
available at UNIPI. 
The applicable boundary conditions (as functions of time) are: the flowrate and 
temperature for each of 451 channels, the loop flowrates and temperatures (e.g. to 
simulate loop inverse flows), the pressure at outlet boundaries. 
The presence of different types of “reinforcing tubes” is taken into account for the 
proper definition of inlet flow areas and flowrates. 
A steady-state CFD calculation was performed using the above grid, in order to 
investigate the flow field developing during normal operation in the UP of CNA-2 
RPV. 
Moreover, an additional grid was developed with a coarsened meshing, and two 
more steady-state calculations were run (one adopting the coarsened grid with the 
reference boundary conditions, the other using the reference grid and hypothetic 
natural circulations flowrates). 
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The key achievements from the reference and sensitivity CFD calculations can be 
summarized as follows: 
 The flow entering the UP from the 451 coolant channel outlets separates in 
two symmetric sectors, each one directing towards one of the two hot legs; 
no swirls nor vortexes appears; 
 The local flow in the proximity of each channel outlet has a horizontal and 
a vertical component; the vertical component is dominant, except for 
channels closest to the outlet nozzles; a direction change then occurs due 
to the upper shell of the MT closure head; 
Identical flow structure is predicted by both calculations with reduced flow (“natural 
circulation” conditions) and with coarsened mesh. 
The understanding of the flow field structure developing in the UP constitutes a 
support for the development of TH-SYS nodalizations. 
5.3 Assessment of Core Pressure Losses 
The present Section documents the development and the application of detailed 
CFD models for addressing the estimation of the single contributions to the 
pressure loss affecting the coolant flowing through the whole coolant channels of 
the reactor pressure vessel of Atucha-II Nuclear Power Plant. 
Namely, Section 5.3.1 is devoted to the analyses of the coolant channel inlet 
together with the throttles; Section 5.3.2 describes similar analyses for the coolant 
channel outlet while Section 5.3.3 provides a wide spectrum of analyses related to 
the fuel assembly and spacer grids, together with the comparison against specific 
experimental data. 
5.3.1 Calculation of Pressure Drops through the Inlet of Coolant 
Channels 
The present Section documents the work related to the development of CFD 
models for the evaluation and assessment of the pressure losses induced by the 5 
different geometrical configurations of the CC inlets. Several CFD analyses at 
different mass flow rates together with sensitivity calculations on relevant 
parameters have been performed in order to calculate the pressure loss coefficient 
for each different CC inlet configuration. 
5.3.1.1 Description of the Coolant Channel Inlet 
A detailed description of the coolant channel inlet can be found in Section 3.4.6. 
5.3.1.2 Development of CFD Models for the Coolant Channel Inlet 
5.3.1.2.1 Identification of the Computational Domain 
The selected computational domain includes a 1/9
th
 portion of the MT rhomboidal 
sub-plena (since each sub-plenum is connected with 9 CCs) and the volume inside 
the CC up to the FA including the first spacer grid (see Fig. 74). 
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In particular, the following regions and features have been appropriately accounted 
for: 
 1/9 portion of the LP rhomboidal sub-plena; 
 the sieve at CC inlet; 
 the CC tube; 
 the throttle (4 different geometrical configurations) when present; 
 the first spacer grid; 
 a portion of the FA up to the middle section between first and second 
spacer grids; 
The FA has been accounted for in order to include the effect of the flow area 
reduction on the pressure drop over the CC inlet. Inlet and outlet boundaries have 







Fig. 74 – Assembly drawing of the Coolant Channel Inlet region  
(throttle not included). 
Depending on the throttle associated with the considered HZ, the fluid domain is 
quasi-symmetric with respect to some planes containing the vertical axis; thus a 
reduced domain has been considered in order to decrease the computational cost 
or to develop finer grids assuming a fixed overall number of computational nodes. 
Tab. 20 shows the symmetry characteristics of each component together with the 
overall domain simplifications assumed for each HZ. The non-symmetric features 
are all included into the FA spacer grids, however their characteristic length is 
much smaller than all other relevant components and their effect on the flow-field 
can be considered to be locally limited; therefore, the simplification of the non-
symmetric features can be assumed to have a negligible effect on the overall 
pressure difference over the CC inlet. 
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HZ5 – no Throttle - 1/12
th
 
Tab. 20 – List of symmetry characteristics of relevant component 
5.3.1.2.2 Development of 3D CAD Models 
Based on the reference drawings, a detailed 3D Computer Aided Design (CAD) 
model for each solid component of the CC has been developed. 
In particular, a solid model was developed for each of the following component: 
 the sieve; 
 the CC tube; 
 each of the 4 throttle types; 
 a limited portion of the FA; 
 the first spacer grid (simplified); 
It is worth noting that the throttles are originated from 2 different conceptual 
designs: type “b” and “c” respectively; the CAD models showed in Fig. 75 put in 
evidence the geometrical differences between them, while Tab. 21 summarizes the 




Fig. 75 – Example of (a) throttle type “b” and (b) throttle type “c”. 
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# Φ [mm] 
1 4 6 8.0 
2 4 6 9.2 
3 4 6 10.9 
4 4 3 not circular 
5 75 - - 
Tab. 21 – List of the most relevant geometrical features for each throttle 
Finally, the solid components have been assembled together in order to reproduce 
the overall models of the “CC inlet” computational domain in its 5 different 
configurations associated with the related HZ. The resulting 3D CAD models are 
showed in Fig. 76. 
 
     
(a) (b) (c) (d) (e) 
Fig. 76 – Vertical cross-section of the developed 3D CAD models for each HZ:  
HZ1 – throttle type 1b (a), HZ2 – throttle type 2b (b), HZ3 – throttle type 3b (c),  
HZ4 – throttle type 5c (d), HZ5 – no throttle (e). 
 
5.3.1.2.3 Development of Computational Grids 
The computational grids were developed with the package ANSYS ICEM-CFD 
11.0. 
Since the five computational domains differ only by the throttle component, which is 
located in the middle of the domains, each of them has been split in three sub-
domains as depicted in Fig. 77: 
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 “Inlet region” (c), which includes: 
o the 1/9
th
 portion of the LP rhomboidal sub-plena; 
o the sieve at CC inlet; 
o the lower part of CC tube; 
 “Throttle region” (b) , which includes: 
o the throttle (when present); 
o the central part of CC tube; 
 “FA region” (a), which includes: 
o a portion of the FA; 
o the first spacer grid; 





(a) (b) (c) 
Fig. 77 – Sub-domains: FA region (a), throttle region (b) and Inlet region (c). 
It is worth noting that the “Inlet region” and the “FA region” are geometrically 
identical for all the 5 computational domains, thus a unique version (1/12
th
) of the 
computational grid for these sub-domains has been developed and then shared 
between the domains (for the HZ4 simulation they have been simply reflected 
along a symmetry plane in order to adapt the 1/12
th
 grid to the needed 1/6
th
 
configuration). Regarding the “Throttle region”, five reference grids were 
developed, one for each different configuration associated with the inserted 
throttle. 
All of the developed sub-domain grids include three prism layers near the solid 
walls to enhance near-wall flow treatment by the code. Moreover, a different 
version of each grid has been obtained from the reference ones by removing the 
prism layers for performing mesh sensitivity analyses; the overall number of the 
resulting tetrahedral elements is slightly different because of the smoothing 
process. 
Finally, the grids for each computational domain have been obtained by 
assembling the developed sub-domain grids described above. Tab. 21 shows the 
most relevant parameters of each sub-domain grid, while Tab. 22 shows the same 
parameters for the assembled grids, which have been used in the calculations. 
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HZ1 HZ2 HZ3 HZ4 HZ5 
Reference Grids 
Tetras 2.4 2.3 3.2 3.4 3.6 3.3 0.7 
Prisms 0.1 0.5 0.3 0.3 0.3 0.2 0.1 
Grids for sensitivity analyses 
Tetras 2.4 2.3 4.8 3.4 3.6 3.4 0.7 






HZ1 HZ2 HZ3 HZ4 HZ5 
Reference Grids 
Tetras 8.0 8.1 8.3 12.8 5.4 
Prisms 0.9 0.9 0.9 1.4 0.6 
Nodes 1.9 1.9 2.0 3.0 1.3 
Grids for sensitivity analyses 
Tetras 9.6 8.1 8.3 12.9 5.4 
Nodes 1.7 1.5 1.5 2.3 1.0 
Tab. 23 – Relevant parameters of the assembled grids. 
5.3.1.3 Set-up of Steady-state Simulations of Channel Inlet Flows 
The simulations were performed using the computational grids mentioned above, 
and the CFD code ANSYS CFX 11.0. 
Several sensitivity analyses were performed in addition to the reference 
calculations, so as to provide relevant information on the influence of selected 
boundary conditions and numerical settings. 
5.3.1.3.1 General Modeling Choices 
The aim of CFD simulations deals with the evaluation and the assessment of 
pressure losses which affect the coolant flowing through the inlet section of the CC 
during normal operation. In this condition the heavy water mass flow rate is fixed at 
the design value depending on the HZ. 
Performed calculations share the following common settings: 
 Working fluid: incompressible heavy water 
o Temperature: 551 K (only relevant to calculate the two following 
properties) 
o Density: 837.9 kg/m³ 
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o Dynamic Viscosity: 1.05·10
-4
 kg/m·s 
 Field equations solved: 
o Mass balance (Continuity) 
o Momentum balance (Reynolds-averaged Navier-Stokes equation) 
o Transport of turbulent kinetic energy (k) 
o Transport of turbulent eddy frequency () 
The turbulence was accounted for with the k-ω based Shear Stress Transport 
(SST) model and the related “Automatic” near-wall treatment available in CFX. 
No buoyancy model was activated, since the temperature is uniform and no density 
differences occur. 
The reference pressure was set to a realistic arbitrary value. This setting does not 
affect the accuracy or the realism of the results in any way, because of the 
incompressibility of flow together with the absence of buoyancy effects, which 
make relevant the pressure differences only. 
A first-order numerical discretization scheme for the advection term of the transport 
equation has been used in all calculations. Such scheme provides faster 
calculation and enhances diffusive phenomena (e.g. turbulent mixing) with respect 
to higher order schemes. 
Based on UNIPI experience and common best practice in CFD analysis of 
industrial-scale problems, a convergence criterion based on the following two 
conditions was applied to all performed calculations: 
 The Root Mean Square (RMS) normalized values of the equation residuals 
must drop by at least 4 order of magnitude; 
 The flow fields (velocity, pressure, temperature fields etc.) must be 
stabilized as far as possible. 
A systematic use of parallel computing was made in order to handle computational 
grids having up to several million cells. 
5.3.1.3.2 Boundary Conditions 
The following boundaries have been imposed to the computational domain: 
 Inlet: cross-section at the bottom of the LP box 
 Outlet: cross-section at the top of considered FA portion 
 Symmetry: two planes at both sides, plus one at the external surface of 
the LP domain 
 Walls: any other surface bounding the domain 
General Grid Interfaces (GGI) have been defined at the connection between the 
sub-domain grids since the surface meshes to match are not conformal. GGI 
interfaces use special CFX routines which perform the necessary interpolations 
between the matching grids (Ref. [44] and [45]). The adoption of GGI yields a little 
increase in the computing time, and tends to reduce the numerical accuracy; 
however such approach is practically unavoidable in this case. 
University of Pisa - 142 - April 2011 
 
Page 142 of 282 – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Terzuoli Fulvio 
Solid walls together with internal interfaces and inlet and outlet boundaries are 
showed in Fig. 78. 
For each computational domain, a uniform velocity profile was imposed at the inlet 
boundary, so as to achieve a total inlet mass flow rate equal to the nominal value 
depending on the considered HZ (9.285, 11.70, 15.08, 21.27 and 27.73 kg/s, as 
shown in Tab. 5 of Section 3.4.6). 
Inlet turbulence intensity and eddy viscosity ratio were set to CFX option High 
Intensity, to account for the strongly turbulent flow field in the LP. 
A pressure-controlled outlet boundary condition was defined at the outlet boundary, 
imposing an average pressure equal to the reference pressure defined above. 
Moreover, the “zero gradient” option for turbulence at the outlet was adopted, as 
recommended by CFX user manual. 
All wall-type boundaries were treated with no-slip condition, coupled with the law-




Fig. 78 – Identification domain boundaries: solid walls, internal interfaces (green), 
inlet (blue) and outlet (red). 
5.3.1.3.3 Performed Calculations and Sensitivity Analyses 
An overall number of 29 CFD calculations were performed. Tab. 24 shows the 
identification and the peculiarities of the calculations used to evaluate the pressure 
losses in each HZ. The simulations with imposed nominal mass flow rates 
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Inlet mass  
flow rate 
Calculation ID 
HZ1 HZ2 HZ3 HZ4 HZ5 
nominal HZ1_Ref HZ2_Ref HZ3_Ref HZ4_Ref HZ5_Ref 
10% nominal HZ1_Mx0.1 HZ2_Mx0.1 HZ3_Mx0.1 HZ4_Mx0.1 HZ5_Mx0.1 
200% nominal HZ1_Mx2.0 HZ2_Mx2.0 HZ3_Mx2.0 HZ4_Mx2.0 HZ5_Mx2.0 
Tab. 24 – ID of performed CFD analyses. 
Based on the 5 reference calculations, a complete set of simulations were 
performed adopting the grids without prism layers. 
 Sensitivity on grids: 
o HZ1_noPrism – HZ1 grid without prism layers 
o HZ2_noPrism – HZ2 grid without prism layers 
o HZ3_noPrism – HZ3 grid without prism layers 
o HZ4_noPrism – HZ4 grid without prism layers 
o HZ5_noPrism – HZ5 grid without prism layers 
Moreover, several sensitivity analyses were performed in addition to the 
calculations above, so as to provide information on the influence of some relevant 
boundary condition and numerical setting on CFD results, as recommended by the 
CFD Best Practice Guidelines (BPG, Refs [11]). Based on reference calculations 
(i.e. adopting the reference grid and imposing the nominal mass flow rate 
associated with the chosen HZ; #4 and #1 involved), the following additional 
simulations were performed: 
 Sensitivity on numerical settings: 
o HZ4_HRfup – High Resolution (HR) discretization scheme for the 
advection term of the transport equation, follow-up of the reference 
result (HZ4_Ref) 
o HZ4_HRfull – High Resolution discretization scheme for the 
advection term of the transport equation, independent calculation 
 Sensitivity on turbulence modeling: 
o HZ4_kε  – Two-equation k-ε model 
o HZ4_BSLRSM – Six-equation Baseline Reynolds Stress Model 
(BSLRSM) 
 Sensitivity on boundary conditions: 
o HZ4_WR – Wall roughness included (16 μm) & two-equation k-ε 
turbulence model 
 Sensitivity on equation solving procedures: 
o HZ1_Tr – CFX transient solver 
o HZ4_Tr – CFX transient solver 
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The “High Resolution” add a second order term to the discretization of the 
advection term in the transport equation, an internal algorithm set the weight of the 
two terms basing on local variables. This scheme provides higher accuracy with 
respect to first order schemes, such as the Upwind, although at the expense of 
higher computing time. 
Finally, two additional calculations were set-up and run with the aim of evaluating 
the pressure losses induced by the CC inlet in case of flow reversal condition. Two 
HZs have been considered to account for both types of throttle used in CNA-2 
(type “b” in HZ2, type “c” in HZ4). In order to get an easy comparison of results, the 
inlet mass flow rates were again set to the nominal values. 
 Reverse flow condition: 
o HZ2_RF – Reverse flow condition 
o HZ4_RF – Reverse flow condition 
5.3.1.4 Obtained CFD Results 
5.3.1.4.1 Velocity and Pressure Fields 
As an example, Fig. 79 and Fig. 80 show some pictures of the results obtained 
from the reference calculation of HZ1 (HZ1_Ref) and HZ4 (HZ4_Ref) respectively: 
both Figures show 3D streamlines colored by the local velocity magnitude (a) 
together with the pressure values on the symmetry plane including the throttle 
lateral hole (b). Both types of throttle show qualitatively similar results, providing 





Fig. 79 – Results from the reference calculation of HZ1: 3D streamlines (a) and 
pressure field (b). 
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5.3.1.4.2 Pressure Losses 
Performed CFD analyses focused on the evaluation and assessment of the 
pressure losses affecting the coolant flowing through the inlet section of the CCs. 
Calculated pressure losses are then compared with the values obtained by 
SIEMENS with the DRUD2O code, a lumped parameter code developed by 
SIEMENS for design purposes, which includes some empirical correlation for 
pressure drop calculations based on experimental data. No information is actually 
available to UNIPI on the experimental measurements, therefore DRUD2O results 




Fig. 80 – Results from the reference calculation of HZ4: 3D streamlines (a) and 
pressure field (b). 
The CFD pressure drops are calculated by means of difference between the 
average values assumed over the following planes (showed in Fig. 81): 
a) inlet surface 
b) cross-section located 106.5 mm above the bottom surface of the sieve 
c) cross-section located 675.5 cm above the bottom surface of the sieve 
d) outlet surface 
The following differences are then calculated: 
 Sieve P = a) – b) 
 Throttle P = b) – c) 
 FA inlet P = c) – d) 
 CC Inlet P = a) – c) 
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Fifteen steady-state calculations were set-up using the developed computational 
grids and imposing 3 different mass flow rates for each HZ: the related nominal 
value (reference case), a reduced and an increased value (10% and 200% of the 
nominal value respectively). Tab. 25 shows the resulting pressure losses for the 
reference calculations compared with the values obtained by the DRUD2O code; 
the contributions given by the sieve, the throttle and the FA inlet are also indicated 
and compared. 
 
Fig. 81 – Location of planes for calculating pressure differences: inlet (a, blue), 
outlet (d, red) and in-between planes (b and c). 
 
Pressure Drop: CFD against DRUD2O data 
with Throttle without 
Throttle type “b” type “c” 
 HZ1 HZ2 HZ3 HZ4 HZ5 
Sieve +58% +58% +58% +61% +60% 
Throttle -17% -20% -14% +30% - 
FA Inlet +16% +17% +19% +15% +16% 
Overall 
CC Inlet 
-17% -20% -13% 31% -15% 
Tab. 25 – Comparison between CFD calculated pressure drops and DRUD2O 
values, different contributions are indicated. 
Questions arise about the location of pressure measurements in CFD simulations 
since no information is available from the DRUD2O side. In this framework, the 
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comparison of sieve, throttle and FA inlet contributions may put in evidence some 
useful phenomenological aspect but, at the same time, can lead to unreliable 
results. 
As can be seen from Tab. 25, CFX predicts ~60% higher pressure drops for the 
sieve in all the HZ, however the contribution of the sieve to the overall pressure 
loss vary from less than 2% in case of throttle type “b” up to covering the whole CC 
inlet P in case of absence of throttling device (HZ5). 
Moreover, the contribution of the FA inlet shows almost the same behavior as the 
sieve; CFX overestimates its values up to 20% with respect to DRUD2O. 
Throttle P represents the most relevant contribution in all the HZs in which it is 
provided, since it constitutes more than 95% of the overall pressure losses. CFX 
calculated values resulted to be underestimated up to 20% in case of throttle type 
“b”, while they resulted to be overestimated by 30% in case of throttle type “c”. 
Finally, CFX prediction of the overall pressure losses of the CC inlet devices 
compared with DRUD2O values are ~30% higher in case of throttle type “c” (HZ4) 
and up to 20% lower in all other cases (throttle type “b” and absence of throttling 
device). The obtained results can be considered in quite good agreement with the 
reference values, since the relative differences are bounded by numerical errors 
and huge uncertainties related to the inlet boundary conditions in terms of mass 
flow rate, secondary motions, turbulent fluctuations and macroscopic eddies 
formation, as described in the following Section. 
5.3.1.4.3 Sensitivity Analyses 
As mentioned in Section 5.3.1.3.3, the following additional simulations have been 
performed in order to put in evidence the sensitivity of results with respect to most 
relevant numerical settings and boundary conditions: 
 Sensitivity on mass flow rate: 
o HZ1_Mx0.1 – 10% of HZ1 nominal mass flow rate 
o HZ2_Mx0.1 – 10% of HZ2 nominal mass flow rate 
o HZ3_Mx0.1 – 10% of HZ3 nominal mass flow rate 
o HZ4_Mx0.1 – 10% of HZ4 nominal mass flow rate 
o HZ5_Mx0.1 – 10% of HZ5 nominal mass flow rate 
o HZ1_Mx2.0 – 200% of HZ1 nominal mass flow rate 
o HZ2_Mx2.0 – 200% of HZ2 nominal mass flow rate 
o HZ3_Mx2.0 – 200% of HZ3 nominal mass flow rate 
o HZ4_Mx2.0 – 200% of HZ4 nominal mass flow rate 
o HZ5_Mx2.0 – 200% of HZ5 nominal mass flow rate 
 Sensitivity on grids: 
o HZ1_noPrism – HZ1 grid without prism layers 
o HZ2_noPrism – HZ2 grid without prism layers 
o HZ3_noPrism – HZ3 grid without prism layers 
o HZ4_noPrism – HZ4 grid without prism layers 
o HZ5_noPrism – HZ5 grid without prism layers 
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 Sensitivity on numerical settings: 
o HZ4_HRfup – HR scheme, follow-up of the reference result 
(HZ4_Ref) 
o HZ4_HRfull – HR scheme, independent calculation 
 Sensitivity on turbulence modeling: 
o HZ4_kε  – Two-equation k-ε model 
o HZ4_BSLRSM – Six-equation BSLRSM 
 Sensitivity on boundary conditions: 
o HZ4_WR – Wall roughness included (16 μm) & two-equation k-ε 
turbulence model 
 Sensitivity on equation solving procedures: 
o HZ1_Tr – CFX transient solver 
o HZ4_Tr – CFX transient solver 
 Reverse flow condition: 
o HZ2_RF – Reverse flow condition 
o HZ4_RF – Reverse flow condition 
Results have been compared in terms of pressure losses and related pressure loss 
coefficients. 
The pressure loss coefficient k can be defined as shown on the left-hand side of 
Eq. 13, where ∆P is the calculated pressure drop between inlet and outlet 
boundaries, ρ is the fluid density, while A, v and Q are the surface, the velocity and 
the related mass flow rate at the inlet respectively. In order to get an easy 
comparison of results, the formulation showed on the right-hand side of Eq. 13 has 
been used, since ρ, A and Q are constant for each HZ and equal to the nominal 

































For each of the five HZs, Tab. 26 shows the comparison between the pressure loss 
coefficients (k‟) calculated at three different mass flow rates (100%, 10% and 200% 
of nominal values) and adopting the grids without prism layers; the relative 
differences against the calculated reference values (in bold characters) are also 
indicated. 
The considered values of mass flow rate induce variation of the pressure loss 
coefficient within the range +8% -4%, while lower mass flow rates provide higher 
pressure drop coefficients and vice-versa. 
Mesh sensitivity analyses show that the absence of prism layers at the walls 
provides an underestimation of the pressure losses from 3% up to 11%. 
No relevant difference occurs between throttled (HZ1, HZ2, HZ3, HZ4) and 
unthrottled channels (HZ5). 
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 Hydraulic Zone 1 – 9.285 kg/s 
 CFX Ref Mx0.1 Mx2.0 no-Prism 
k‟ 5,03 4,94 4,84 4,49 
rel. diff. - -1,9% -3,8% -10,7% 
 Hydraulic Zone 2 – 11.70 kg/s 
 CFX Ref Mx0.1 Mx2.0 no-Prism 
k‟ 2,82 3,05 2,82 2,74 
rel. diff. - +7,8% -0,3% -3,0% 
 Hydraulic Zone 3 – 15.08 kg/s 
 CFX Ref Mx0.1 Mx2.0 no-Prism 
k‟ 1,58 1,63 1,57 1,47 
rel. diff. - +3,1% -0,4% -7,1% 
 Hydraulic Zone 4 – 21.27 kg/s 
 CFX Ref Mx0.1 Mx2.0 no-Prism 
k‟ 0,73 0,75 0,72 0,67 
rel. diff. - +2,9% -0,5% -8,4% 
 Hydraulic Zone 5 – 27.73 kg/s 
 CFX Ref Mx0.1 Mx2.0 no-Prism 
k‟ 0,027 0,028 0,027 0,025 
rel. diff. - +3.1% -0.4% -5.9% 
Tab. 26 – Comparison between pressure loss coefficients calculated at different 
mass flow rates and adopting grids without prism layers for each HZ  
(calculated reference values indicated in bold characters). 
The sensitivity analyses on numerical settings, turbulence modeling and boundary 
conditions are listed in Tab. 27, which shows the obtained pressure drops together 
with the resulting pressure loss coefficients and the relative differences with 
respect to the reference calculation (HZ4_Ref). 
As expected, higher order resolution scheme (HR) provide much higher pressure 
losses: +42% in case of stand-alone calculation while nearly +60% in case of 
following-up the reference result (HZ4_Ref, which used the first order Upwind 
scheme). It is worth noting that HR calculations showed not so good convergence 
behavior as Upwind scheme (usually they provide RMS residuals 2-3 order of 
magnitude higher than first order schemes). 
Moreover, calculations show minor effect of turbulence model on obtained results: 
both the 2 equation k-ε model and the 6 equations BSLRSM have negligible 
influence on pressure losses (<4%). 
A larger impact were produced by the wall roughness: the chosen value (16 μm) 
provides a ~12% increase of pressure loss, however this value should be 
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compared against the k-ε results since wall roughness CFX module is only 
available when using the k-ε turbulence model; in this way, the resulting increase of 
pressure loss reduces to ~10%. 
 
 Hydraulic Zone 4 – 21.27 kg/s 





k-ε BSLRSM k-ε – WR 
k‟ 0,73 1,15 1,03 0,75 0,73 0,81 
rel. diff. - +59% +42% +3,4% +1,2% +12% 
Tab. 27 – Comparison of pressure losses resulting from sensitivity analyses on 
numerical settings, turbulence modeling and boundary conditions. 
The reference calculations for HZ1 and HZ4 were repeated changing the equation 
solving procedures from steady-state to transient algorithm and monitoring the 
pressure field in each iteration. 
For each selected HZ, both steady-state (HZ1_Ref and HZ4_Ref respectively) and 
transient results are listed in Tab. 28. Transient results are reported in terms of 
average value during the entire calculation (each iteration accounted for) together 
with the maximum and minimum values assumed during the transient. 
Results show a negligible effect of solving algorithm on average pressure losses 
(less than 0.5%), while transient calculations provide some oscillation of results 
within a range of few percentage point. 
 




 average max abs min abs 
k‟ 5,03 5,00 5,01 4,92 
rel. diff. - -0,5% -0,4% -2,2% 




 average max abs min abs 
k‟ 0,727 0,726 0,726 0,725 
rel. diff. - -0,1% -0,1% -0,2% 
Tab. 28 – Comparison of pressure losses resulting from sensitivity analyses on 
equation solving procedures. 
Finally, Tab. 29 shows the obtained results in case of flow reversal in channels 
belonging to HZ2 and HZ4. Both types of throttle (type “b” in HZ2, type “c” in HZ4) 
show similar behavior, increasing the pressure loss of ~30%. 
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 Hydraulic Zone 2 Hydraulic Zone 4 
 CFX Ref Reverse Flow CFX Ref Reverse Flow 
k‟ 2,82 3,60 0,73 0,96 
rel. diff. - +28% - +33% 
Tab. 29 – Comparison of pressure losses from reverse flow calculations. 
5.3.1.5 Conclusions on Pressure Loss Calculation of Channel Inlet 
CFD models were developed in order to address the estimation and assessment of 
pressure losses affecting the coolant flowing through the five different geometrical 
configurations of the CC inlets. 
Based on the available drawings, a highly detailed 3D CAD model for each solid 
component of the CC has been developed. Then, the solid components have been 
assembled together in order to reproduce the overall models of the “CC inlet” 
computational domain in its five different configurations associated with the related 
HZ. 
Five detailed CFD grids representing the fluid domain within the CC inlet were 
developed taking into account the most relevant geometrical features. Moreover, 
five additional grids have been developed for performing mesh sensitivity analyses. 
The resulting ten discretiazations were relatively large in terms of computational 
nodes, so as to take advantage of the parallel computing resources available at 
UNIPI. 
Five reference steady-state CFD analyses were set-up in order to provide a local 
description of the flow field at one single channel inlet, and to estimate the related 
pressure drops during normal operation. CFX results compared against DRUD2O 
values resulted ~30% higher in case of throttle type “c” (HZ4) and up to 20% lower 
in all other cases (throttle type “b” and unthrottled channel). Obtained results can 
be considered in quite good agreement with the reference values. 
Moreover, twenty-four additional calculations were performed so as to provide 
information on the influence of some relevant boundary condition, modeling choice 
and numerical setting on obtained results. 
The relative effect of grid sensitivity on pressure loss coefficients was ~10%; thus 
the mesh-independency of results was not yet obtained. The code predicted larger 
pressure losses at lower mass flow rate and vice versa, however the effect of mass 
flow rate on loss coefficient was lower than 8% in the considered range. 
As expected, higher order resolution scheme (HR) provided much higher pressure 
losses (up to 60%); however, HR calculations showed not so good convergence 
behavior as first order scheme. 
Turbulence modeling showed minor effect on obtained results: both the 2 equation 
k-ε model and the 6 equations BSLRSM produced negligible differences of 
pressure losses (<4%). Similar result was obtained switching to transient solver 
(<0.5%), although transient calculations show some oscillation within a range of 
few percentage point. A larger impact was induced by wall roughness: the chosen 
value (16 μm) provided a ~10% increase of pressure losses. 
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Summing up the error contributions of the analyzed parameters will provide a sort 
of uncertainty range to be applied to the calculated reference value of each HZ 
(HZ#_Ref). 
Finally, flow reversal condition was analyzed in two out of five configurations, 
providing ~30% higher pressure losses. 
Performed studies demonstrate the CFD capabilities for pressure loss estimation 
purposes, as well as the capabilities of acting as a support for the development of 
TH-SYS code nodalizations; the activity presented may be further developed with 
additional sensitivity analyses (with respect to mesh, inlet boundary conditions etc., 
according to BPG recommendations) and extending the computational domain to 
bigger portion of the LP. 
5.3.2 Calculation of Pressure Drops through the Outlet of Coolant 
Channels 
The present Section documents the work related to the development of CFD 
models for the evaluation and assessment of the pressure losses induced by the 
CC outlet configurations. Several CFD analyses at different mass flow rates 
together with sensitivity calculations on relevant parameters have been performed 
in order to calculate the pressure loss coefficient for each different CC inlet 
configuration. 
5.3.2.1 Description of the Coolant Channel Outlet 
The coolant flowing through the Down Comer (DC) collects into the narrow volume 
available in the Lower Plenum (LP) together with the rhomboidal sub-plena of the 
Moderator Tank (MT) bottom, then it flows into the fuel assembly guide tubes, the 
so-called CC. Such tubes separate the coolant from the moderator in the core 
region, starting from the MT lower plate up to the RPV closure head. Each guide 
tube is provided with longitudinal openings located in the MT closure head region 
for allowing the “hot” coolant to exit from the channel and enter the Upper Plenum 
(UP). The connection between the CCs and the lower plate of the MT closure head 
(the so-called “CC outlet” region) is shown in Fig. 82. 
Furthermore, in order to increase the MT closure head stiffness, 67 guide tubes are 
surrounded by Reinforcing Tubes (RT) connected to the lower plate and the upper 
shell. A detailed drawing of the RT in its three different configurations is depicted in 
Fig. 83-a, while Fig. 83-b shows their location in the UP cross-section. Each tube is 
provided with 18 openings to let the coolant flowing into the UP. From a CFD point-
of-view, the various RT types differ only by the thickness. 
It is relevant to note the linkage between the various types of RT and the 5 
Hydraulic Zones (HZ) in which is subdivided the core of Atucha-II (as depicted in 
Fig. 83) by means of the adoption of flow limiting devices at the inlet section of the 
CCs. Such configuration is the final achievement of several analytical and 
experimental optimization studies carried out by Siemens. 
The overall number of CCs for each combination between RT type and HZ is listed 
in Tab. 30. 
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(a) (b) 





Fig. 83 – Reinforcing Tubes: different configurations available (a) and  
location in the UP cross-section (b) 
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Fig. 84 – Core Hydraulic Zones 
HZ 
Reinforcing Tube Nominal Mass 
Flow rate [kg/s] none I II III 
1 26 2 2 0 9.285 
2 30 6 0 0 11.70 
3 34 8 0 0 15.08 
4 76 8 0 6 21.27 
5 218 0 0 35 27.73 
Tab. 30 – Relevant linking parameters between  
Hydraulic Zones and Reinforcing Tubes. 
5.3.2.2 Development of CFD Models for the Coolant Channel Outlet 
5.3.2.2.1 Identification of the Computational Domain 
The selected computational domain includes the upper part of a CC including the 
related Fuel Assembly (FA), starting from the support grid up to the upper shell of 
the MT closure head. Fig. 85-a shows the part of FA included in the computational 
domain (i.e. the part which includes the steel support bars). 
Moreover, a portion of the UP volume surrounding the CC has been included. 
Owing to the non-planar shape of the upper shell, each channel has a different 
submerged length into the Upper Plenum. The central channel (the one with lower 
length in the Upper Plenum) has been taken into account in the CFD models. Fig. 
85-b shows the assembly drawing of the selected CC outlet region including a RT. 
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Fig. 85 – Coolant Channel Outlet region: part of FA included in the domain (a) and 
assembly drawing including the RT (b) 
5.3.2.2.2 Development of 3D CAD Models 
Based on the available reference drawings, two detailed 3D Computer Aided 
Design (CAD) model for the CC outlet have been developed (including or not the 
RT). Since the three RT types differ only by the thickness, the type I has been 
taken into account for developing the RT solid model. The resulting 3D CAD 





(a) (b) (c) 
Fig. 86 – Developed 3D CAD models for the CC outlet: standard configuration (a) 
and with RT included (b), detail of channel and FA steel supports (c) 
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5.3.2.2.3 Development of Computational Grids 
The computational grids were developed with the package ANSYS ICEM-CFD 
11.0, based on the 3D CAD models. Two grids were developed, both of them 
including three prism layers near the solid walls to enhance near-wall flow 






Coolant Channel Outlet 
standard including RT 
Tetras 9.5 8.8 
Prisms 0.5 1.0 
Nodes 1.9 2.1 
Tab. 31 – Relevant parameters of developed grids. 
5.3.2.3 Set-up of Steady-state Simulations of Channel Outlet Flows 
The simulations were performed using the computational grids mentioned above, 
and the CFD code ANSYS CFX 11.0. 
Several sensitivity analyses were performed in addition to the reference 
calculations, so as to provide relevant information on the influence of selected 
boundary conditions and numerical settings. 
5.3.2.3.1 General Modeling Choices 
The aim of CFD simulations deals with the evaluation and the assessment of the 
pressure losses which affect the coolant flowing through the outlet section of the 
CC during normal operation. In this condition the heavy water mass flow rate is 
fixed at the design value, depending on the HZ. 
Performed calculations share the following common settings: 
 Working fluid: incompressible heavy water 
o Temperature: 585 K (only relevant to calculate the two following 
properties) 
o Density: 775.2 kg/m³ 
o Dynamic Viscosity: 3.38·10
-5
 kg/m·s 
 Field equations solved: 
o Mass balance (Continuity) 
o Momentum balance (Reynolds-averaged Navier-Stokes equation) 
o Transport of turbulent kinetic energy (k) 
o Transport of turbulent eddy frequency () 
The turbulence was accounted for with the k-ω based Shear Stress Transport 
(SST) model and with the related “Automatic” near-wall treatment available in CFX. 
No buoyancy model was activated, since the temperature is uniform and no density 
differences occur. 
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The reference pressure was set to a realistic arbitrary value. This setting does not 
affect the accuracy or the realism of the results in any way, because of the 
incompressibility of flow together with the absence of buoyancy effects, which 
make relevant the pressure differences only. 
A first-order numerical discretization scheme for the advection term of the transport 
equation has been used in all calculations. Such scheme provides faster 
calculation and enhances diffusive phenomena (e.g. turbulent mixing) with respect 
to higher order schemes. 
Based on UNIPI experience and common best practice in CFD analysis of 
industrial-scale problems, a convergence criterion based on the following two 
conditions was applied to all performed calculations: 
 The Root Mean Square (RMS) normalized values of the equation residuals 
must drop by at least 4 order of magnitude; 
 The flow fields (velocity, pressure, temperature fields etc.) must be 
stabilized as far as possible. 
A systematic use of parallel computing was made in order to handle computational 
grids having up to several million cells. 
5.3.2.3.2 Boundary Conditions 
The following boundaries have been imposed to the computational domain: 
 Inlet: cross-section at the bottom of the CC 
 Outlet: surface at external boundary of the UP volume 
 Symmetry: (two) planes at both sides of the domain 
 Walls: any other surface bounding the domain 
Solid walls together with inlet and outlet boundaries are indicated in Fig. 87. 
  
 
Fig. 87 – Identification of solid walls (grey), inlet (blue) and outlet (red) boundaries 
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A uniform velocity profile was imposed at the inlet boundary, so as to achieve the 
desired inlet mass flow rate. Inlet turbulence intensity and eddy viscosity ratio were 
set to CFX option High Intensity, to account for the strongly turbulent flow coming 
from the FA. 
A pressure-controlled outlet boundary condition was defined at the outlet boundary, 
imposing an average pressure equal to the reference pressure defined above. 
Moreover, the “zero gradient” option for turbulence at the outlet was adopted, as 
recommended by CFX user manual. 
All wall-type boundaries were treated with no-slip condition, coupled with the  
law-of-the-wall model for near wall turbulence treatment. 
5.3.2.3.3 Performed Calculations and Sensitivity Analyses 
An overall number of fifteen CFD calculations were performed. Tab. 32 shows the 
identification and the peculiarities of the ten calculations used to evaluate the 
pressure losses in each of the two CC outlet configurations. Five calculations were 
set-up for each configuration, imposing the nominal mass flow rates according to 





HZ1 HZ2 HZ3 HZ4 HZ5 
Standard Std_HZ1 Std_HZ2 Std_HZ3 Std_HZ4 Std_HZ5 
With RT RT_HZ1 RT_HZ2 RT_HZ3 RT_HZ4 RT_HZ5 
Tab. 32 – ID of performed CFD analyses. 
Moreover, five additional sensitivity analyses were performed in addition to the 
calculations above, so as to provide information on the influence of some relevant 
boundary condition and numerical setting on CFD results, as recommended by the 
CFD Best Practice Guidelines (BPG, Ref. [11]). Based on the reference calculation 
Std_HZ5 (the most common configuration in Atucha-II core: 218 out of 451 
channels) the following additional simulations were performed: 
 Sensitivity on numerical settings: 
o Std_HZ5_HR – High Resolution (HR) discretization scheme for the 
advection term of the transport equation 
 Sensitivity on turbulence modeling: 
o Std_HZ5_kε – Two-equation k-ε model 
o Std_HZ5_BSLRSM – Six-equation Baseline Reynolds Stress 
Model (BSLRSM) 
 Sensitivity on boundary conditions: 
o Std_HZ5_WR – Wall roughness included (16 μm) & two-equation 
k-ε turbulence model 
o Std_HZ5_Out – Outlet boundary condition switched from 
“Opening” model to “Outlet” model 
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5.3.2.4 Obtained CFD Results 
5.3.2.4.1 Velocity and Pressure Fields 
As an example, Fig. 88 and Fig. 89 show some pictures of the qualitative results 
obtained from the calculations Std_HZ5 and RT_HZ5 respectively: both figures 
show 3D streamlines colored by the local velocity magnitude (a) together with the 
pressure values on a symmetry plane (b). Both types of CC outlet configurations 
show qualitatively similar results, providing the larger pressure drop to occur across 
the connection ring between the steel supports. 
It is worth noting that the flow field outside the channel is not realistic since in the 
actual layout of the UP each channel is surrounded by six other channels, thus the 








Fig. 88 – Results from HZ5 calculation of CC outlet in its standard configuration 
(Std_HZ5):  3D streamlines (a) and pressure field (b). 
5.3.2.4.2 Pressure Losses 
Performed CFD analyses focused on the evaluation and the assessment of the 
pressure losses affecting the coolant flowing through the outlet section of the CCs. 
Calculated pressure losses are then compared with the values obtained by 
SIEMENS with the DRUD2O code, a lumped parameter code developed by 
SIEMENS for design purposes, which includes some empirical correlation for 
pressure drop calculations based on experimental data. No information is actually 
available to UNIPI on the experiments, thus DRUD2O results constitute an indirect 
reference for pressure loss calculations. However, questions arise about the 
location of pressure measurements. 
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Fig. 89 – Results from HZ5 calculation of CC outlet with RT included (RT_HZ5): 
 3D streamlines (a) and pressure field (b). 
The CFD pressure drops are calculated by means of difference between the 
average values assumed over the inlet (blue) and the outlet (red) surfaces, showed 
in Fig. 87. 
Ten steady-state calculations were set-up using the two developed computational 
grids (one for each CC outlet configuration) and imposing the nominal mass flow 
rates of the five HZs. Tab. 33 shows the comparison between calculated pressure 
losses and the values obtained by the DRUD2O code for the standard CC outlet 
and the configuration including a RT respectively. 
Both configurations show similar results, providing from 30% up to 39% higher 
pressure losses with respect to DRUD2O values. Moreover, the absence of RT 




Pressure Drop: CFD against DRUD2O data 
HZ1 HZ2 HZ3 HZ4 HZ5 
Standard +39% +37% +37% +36% +35% 
With RT +33% +31% +31% +31% +30% 
Tab. 33 – Comparison between CFD calculated pressure drops and DRUD2O 
values for both CC outlet configurations. 
The pressure loss coefficient k can be defined as shown on the left-hand side of 
Eq. 14, where ∆P is the calculated pressure drop between inlet and outlet 
boundaries, ρ is the fluid density, while A, v and Q are the surface, the velocity and 
the related mass flow rate at the inlet respectively. In order to get an easy 
comparison of results, the formulation showed on the right-hand side of Eq. 14 has 
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been used, since ρ, A and Q are constant for each HZ and equal to the nominal 

































For each of the five HZs (i.e. different mass flowrate), Tab. 34 shows the calculated 
pressure loss coefficients (k‟) for both CC outlet configurations. Results show a 




Pressure Drop Coefficient (k’) 
HZ1 HZ2 HZ3 HZ4 HZ5 
Standard 0.0195 0.0194 0.0193 0.0192 0.0191 
With RT 0.0187 0.0186 0.0185 0.0185 0.0184 
Tab. 34 – Comparison between calculated pressure drop coefficients for both  
CC outlet configurations. 
5.3.2.4.3 Sensitivity Analyses 
As mentioned in Section 5.3.2.3.3, the following five additional simulations have 
been performed in order to put in evidence the sensitivity of results with respect to 
the most relevant numerical settings and boundary conditions: 
 Sensitivity on numerical settings: 
o Std_HZ5_HR – HR scheme 
 Sensitivity on turbulence modeling: 
o Std_HZ5_kε – Two-equation k-ε model 
o Std_HZ5_BSLRSM – Six-equation BSLRSM 
 Sensitivity on boundary conditions: 
o Std_HZ5_WR – Wall roughness included (16 μm) & two-equation 
k-ε turbulence model 
o Std_HZ5_Out – Outlet boundary condition set to “Outlet” 
Obtained results have been compared in terms of pressure losses and are listed in 
Tab. 35, which also shows the relative difference with respect to the reference 
calculation (Std_HZ5), indicated in bold characters. 
As expected, higher order resolution scheme (HR) provide much higher pressure 
losses (+43%). It is worth noting that HR calculations show not so good 
convergence behavior as Upwind scheme (usually they provide RMS residuals 2-3 
orders of magnitude higher than first order schemes). 
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Moreover, calculations show minor effect of turbulence model choice on obtained 
results: both the 2 equation k-ε model and the 6 equations BSLRSM have 
negligible influence on pressure losses (<4%). 
A quite larger impact is induced by the wall roughness: the chosen value (16 μm) 
provides a ~1% increase of pressure loss, however this value should be compared 
against the k-ε results since wall roughness CFX module is only available when 
using the k-ε turbulence model; in this way, the resulting increase of pressure loss 
is ~5%. 
Finally, adopting the “Outlet” model as outlet boundary condition provides ~4% 




CFX Ref k-ε BSLRSM k-ε – WR HR Outlet 
Δp [kPa] 14.7 14.1 14.7 14.9 21.1 15.3 
rel. diff - -3.8% -0.1% +1.3% +43% +3.8% 
Tab. 35 – Comparison of pressure losses resulting from sensitivity analyses on 
numerical settings, turbulence modeling and boundary conditions. 
5.3.2.5 Conclusions on Pressure Loss Calculation of Channel Outlet 
CFD models were developed in order to address the estimation and assessment of 
pressure losses affecting the coolant flowing through the CC outlets. 
Based on the available drawings, highly detailed 3D models have been created 
representing the two CC outlet configurations (one of them including the RT). 
Based on these models, two grids have been developed, both of them including 
three prism layers near the solid walls to enhance near-wall flow treatment by the 
code. The resulting meshes were relatively large in terms of computational nodes, 
so as to take advantage of the parallel computing resources available at UNIPI. 
Ten reference steady-state CFD analyses were set-up in order to simulate the flow 
field and to calculate the pressure losses during normal operation. CFX 
calculations provide from 30% up to 39% higher pressure losses with respect to 
DRUD2O values. The presence of RT shows negligible effect on the overall 
pressure loss. Moreover, obtained pressure losses show good insensitivity (<1%) 
with respect to mass flow rate variations. 
Five additional calculations were performed so as to provide information on the 
influence of some relevant boundary condition, modeling choice and numerical 
setting on obtained results. 
As expected, higher order resolution scheme (HR) provide much higher pressure 
losses (+43%). However HR calculations showed not so good convergence 
behavior as first order scheme. 
Moreover, calculations show minor effect of turbulence modeling choice on 
obtained results: both the 2 equation k-ε model and the 6 equations BSLRSM have 
negligible influence on pressure losses (<4%). Similar sensitivity was obtained 
including wall roughness and adopting the “Outlet” model as outlet boundary 
condition; both simulations provide a slightly increase of pressure losses (5% and 
4% respectively). 
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Summing up the error contributions of the analyzed parameters will provide a sort 
of uncertainty range to be applied to the calculated reference value of CC outlet. 
Performed studies demonstrate the CFD capabilities for pressure loss estimation 
purposes, as well as the capabilities of acting as a support for the development of 
TH-SYS code nodalization of the UP; the activity presented may be further 
developed with additional sensitivity analyses (with respect to mesh, inlet boundary 
conditions etc., according to BPG recommendations) and extending the 
computational domain to include the surrounding CC outlets and a bigger section 
of the UP. 
5.3.3 Assessment of Pressure Drops through the FA Spacer Grids 
and Qualification against Experimental Data 
The present Section documents the development of CFD models for the evaluation 
and assessment of the pressure losses induced by the FA spacer grids in normal 
operation conditions by means of a qualification process against experimental data 
(Ref. [67]). 
Two types of grid (namely KWU and IEC spacer grid) have been simulated using 
the CFD code ANSYS CFX 11.0. The obtained results have been compared with 
the experimental data. In addition, several sensitivity analyses on the most relevant 
parameters and boundary conditions have been performed for both spacer grid 
types. 
5.3.3.1 Description of the FA Spacer Grids 
Two types of grid were taken into account: 
 The elastic spacer design (referred to as “KWU”, since it is included in the 
original KWU design) 
 The rigid spacer design (referred to as “IEC”) 
The “KWU” spacer grid was initially chosen by NA-SA for Atucha-II NPP; 
afterwards, NA-SA decided to use the same grid used for Atucha-I NPP, in order to 
reduce the pressure drop along the coolant channel; however the pin diameter is 
different (i.e. the pin diameter of Atucha-II is larger than in Atucha-I), consequently 
the original CNA-I spacer design was modified and called “IEC”. 
5.3.3.1.1 The Elastic Spacer Design (KWU) 
The elastic spacer (Fig. 90) is constituted by bended plates. Four rigid sliding 
shoes are welded to the spacer; an elastic shoe is connected to the spacer too. 
The fuel rod claddings are in direct contact with special bends on the spacer. 
The flow area of the coolant channel has been calculated from the CAD model, the 
resulting flow area ratio is 0.674. 
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 elastic shoe
rigid shoe  
Fig. 90 – The elastic spacer design (KWU). 
5.3.3.1.2 The Rigid Spacer Design (IEC) 
The rigid spacer (see Fig. 91) is fabricated from a metal sheet from which the 
material is cut with a high-pressure water jet. Four rigid sliding shoes are then 
welded to the spacer; an elastic shoe is connected to the spacer too. The thickness 
of the spacer is larger in those locations where the fuel rods are supported (three 
contact points per rod). Some holes are drilled on large-thickness regions. 
In the IEC design, fuel rod claddings are not in direct contact with the spacer; 
rather, metal parts (called “patines” in NA-SA drawings) welded on the rod 
claddings are assigned to be in contact with the spacer. 
The flow area of the coolant channel has been calculated from the CAD model, the 
resulting flow area ratio is 0. 578. 
 
 
Fig. 91 – The rigid spacer design (IEC). 
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5.3.3.2 Experimental Data 
The experiments were performed at the “Laboratorio de Ensayos de Alta Presión” 
(LENAP) in the “Centro Atómico Ezeiza” (CAE). The spacer grid used for the 
experiments are similar to the ones installed at Atucha-II NPP. The scheme of the 
facility is reported in Fig. 92. 
 
 
Fig. 92 – Layout of the experimental facility. 
The experiments were performed in order to evaluate the pressure drop along the 
coolant channel due to the presence of the spacer grid. During the experimental 
campaign, an overall number of twenty-one tests have been performed for each 
spacer design at different water temperature (3) and mass flowrate (7), as reported 
















Tab. 36 – Nominal boundary conditions adopted for the experiments. 
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In order to compare the experimental data with the CFD results two cases have 
been chosen, one for each spacer grid type. The most relevant parameters 
characterizing these cases are listed in Tab. 37. 
 
Parameter KWU IEC 
Temperature [°C] 250 250 
Mass flow rate [kg/s] 26.22 26.71 
Number of spacers 15 15 
Density [kg/m
3
] (HW) 884.6 884.6 
Δp - single spacer [kPa] 33.34 46.33 
k – pressure drop coeff. 1.63 2.18 
Tab. 37 – Experimental values used for the comparison with CFD results. 
5.3.3.3 Development of CFD Models for the KWU Spacer Grids 
5.3.3.3.1 Identification of the Computational Domain 
The computational domain for the mesh of the KWU spacer is constituted by 1/6
th
 
of the whole domain; in particular, the sector including the elastic shoe has been 




Fig. 93 – KWU computational domain. 
The axial length of the domain accounts for the distance between two adjacent 
spacers. Fig. 94 shows the selected computational domain, which includes: 
 Coolant channel wall 
 Fuel rod wall 
 Elastic shoe 
 Rigid spacer wall 
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Fig. 94 – KWU computational domain. 
5.3.3.3.2 Development of 3D CAD Models 
An extremely complex 3D CAD model has been developed taking into account all 
the smallest geometrical details, as showed in Fig. 95. 
 
 
Fig. 95 – KWU 3D CAD model. 
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5.3.3.3.3 Development of Computational Grids 
The computational grid has been created using the ANSYS ICEM 11.0 package. 
The whole domain has been discretized with tetrahedral elements; a prism layer 
has been added on the walls of spacer and fuel rods, in order to improve the near-
wall turbulence treatment. Fig. 96 shows an external overview of the developed 
mesh (a) and the surface mesh elements on a horizontal cut plane (b). 
To summarize, the mesh of the KWU spacer grid is constituted by: 
 2.7 million nodes 
 9.3 million elements 
o 6.8 million tetrahedra 
o 2.4 million prisms 
o 3000 pyramids 




Fig. 96 – KWU computational grid: external overview (a) and horizontal cross-
section (b). 
5.3.3.4 Set-up of Steady-state Simulations of KWU Spacer Grid Flow 
The simulations were performed using the computational grids mentioned above, 
and the CFD code ANSYS CFX 11.0. 
Several sensitivity analyses were performed in addition to the reference 
calculation, so as to provide relevant information on the influence of selected 
boundary conditions and numerical settings. 
5.3.3.4.1 General Modeling Choices 
Performed calculations share the following common settings: 
 Working fluid: incompressible heavy water 
o Temperature: 250 °C 
April 2011 - 169 - University of Pisa 
 
Terzuoli Fulvio – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Page 169 of 282 
 Field equations solved: 
o Mass balance (Continuity) 
o Momentum balance (Reynolds-averaged Navier-Stokes equation) 
o Transport of turbulent kinetic energy (k) 
o Transport of turbulent eddy frequency () 
The turbulence was accounted for with the k-ω based Shear Stress Transport 
(SST) model and the related “Automatic” near-wall treatment available in CFX. 
No buoyancy model was activated, since the temperature is uniform and no density 
differences occur (no heat transfer is accounted for by the experiment). 
The reference pressure was set to a realistic arbitrary value. This setting does not 
affect the accuracy or the realism of the results in any way, because of the 
incompressibility of flow together with the absence of buoyancy effects, which 
make relevant the pressure differences only. 
A first-order numerical discretization scheme for the advection term of the transport 
equation has been used in reference calculation. Such scheme provides faster 
calculation and enhances diffusive phenomena (e.g. turbulent mixing) with respect 
to higher order schemes. 
Based on UNIPI experience and common best practice in CFD analysis of 
industrial-scale problems, a convergence criterion based on the following two 
conditions was applied to all performed calculations: 
 The Root Mean Square (RMS) normalized values of the equation residuals 
must drop by at least 4 order of magnitude; 
 The flow fields (velocity, pressure, temperature fields etc.) must be 
stabilized as far as possible. 
A systematic use of parallel computing was made in order to handle computational 
grids having up to several million cells. 
5.3.3.4.2 Boundary Conditions 
The assumption is made that the spacer is preceded and followed by another 
spacer. Considering an indefinite number of successive equidistant spacers, the 
flow field between spacers n and n+1 can be expected to be the same as between 
spacers n-1 and n, if no temperature variation occurs (i.e. no heat transfer is 
present). Therefore, a “periodic” flow configuration takes place 
With CFX code, the periodicity can be handled with either of the following two 
approaches: 
1. Iterative process:  
 Step 0: calculation with flowrate imposed at inlet, arbitrary velocity and 
turbulence profiles at inlet; pressure-controlled condition at outlet 
 … 
 Step k: calculation where the outlet velocity and turbulence profiles 
exported from Step k-1 are imposed as inlet boundary conditions 
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2. Single periodic calculation: 
The outlet and the inlet boundaries are handled as coupled interfaces, so 
that velocity and turbulence profiles on both of them are forced to be equal. 
Mass flowrate is imposed. 
The first approach needs the definition and application of a stop criteria (somewhat 
difficult to implement) and represent a huge time-consuming strategy. Therefore 
the second approach has been adopted in the analyses. 
5.3.3.4.3 Performed Calculations and Sensitivity Analyses 
An overall number of six CFD calculations were performed. Tab. 38 shows the 
identification and the peculiarities of the calculations used to evaluate the pressure 
loss induced by the KWU spacer grid in the selected experimental conditions. The 












KWU.1 SST Upwind yes smooth 
KWU.2 SST HR yes smooth 
KWU.3 SST Upwind no smooth 
KWU.4 SST HR no smooth 
KWU.5 k-ε Upwind no smooth 
KWU.6 SST HR yes 16 μm 
Tab. 38 – Summary of performed CFD calculations. 
5.3.3.5 KWU Spacer Grid: Obtained Results and Comparison Against 
Experimental Data 
The results are reported in terms of pressure loss coefficient related to a single 



















 Eq. 15 
 
where p is the pressure difference between inlet and outlet boundaries,  is the 
density (= 884.6 kg/m
3
 at 250°C), v  is the average velocity, A is the coolant 
channel flow area. 
The calculated pressure loss coefficient are reported in Tab. 39, as well as the 
comparison with the reference experimental value (1.63). 
The reference calculation KWU.1 shows a perfect agreement with the experimental 
data, however this statement can be misleading since the wall roughness was not 
accounted for. The considered 16 μm wall roughness yields a 46% increased 
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pressure loss (KWU.6 with respect to KWU.2). However, it has to be taken into 
account that the wall roughness is comparable to (or, at some locations, even 
larger than) the thickness of the first layer of meshes and the results may thus be 







Relative Difference wrt 
Experimental data 
KWU.1 1.63 0.00% 
KWU.2 1.40 -14.1% 
KWU.3 1.66 +1.84% 
KWU.4 1.45 -11.0% 
KWU.5 1.69 +3.68% 
KWU.6 2.05 +25.8% 
Tab. 39 – Comparison with the experimental data. 
As expected, obtained results show noticeable influence of the discretization 
scheme on the results. The adoption of the second order scheme (High Resolution, 
calculation KWU.2 and KWU.4) yields an increase by 14% of the pressure loss 
coefficients for both cases with and without periodicity condition. The results from 
the High Resolution scheme are obviously expected to be more accurate than 
those from first order scheme (Upwind, KWU.1 and KWU.3); on the other hand, the 
convergence of High Resolution calculations was lower-quality than for Upwind 
calculations (i.e. the residuals could not drop below 10
-4 
with High Resolution, while 
they could drop below 10
-6
 with Upwind). 
The pressure loss through the spacer is affected by the way the periodicity is dealt 
with (see Section 5.3.3.4.2). KWU.1 and KWU.2 cases involved an iterative 
process, which tends to a flow configuration where the outlet velocity and 
turbulence profiles fit with the inlet profiles (periodicity condition). The calculations 
KWU.3 and KWU.4 were run without accounting for the periodicity at all; uniform 
velocity and turbulence profiles are imposed at the inlet boundary, while the relative 
average pressure is imposed at the outlet boundary. 
The periodicity condition model added to CFD calculations provides up to 3% 
decreased pressure loss coefficients. 
5.3.3.6 Development of CFD Models for the IEC Spacer Grids 
5.3.3.6.1 Identification of the Computational Domain 
The axial length of the domain accounts for the distance between two adjacent 
spacers. Fig. 97 shows the selected computational domain, together with the 
subdivision in three Sectors. 
Sector 1 is affected by the presence of the elastic shoe, thus is expected to yield 
the largest flow resistance. A lower flow resistance in expected in Sector 2 and in 
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Sector 3. The position of the spacer with respect to the coolant channel is not 
exactly coaxial, due to the presence of just one elastic shoe. The design 










Fig. 97 – IEC computational domain: subdivision in Sectors (a)  
and single model (b). 
5.3.3.6.2 Development of 3D CAD Models 
An 3D CAD model has been developed taking into account all the smallest 






Fig. 98 – IEC 3D CAD model. 
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5.3.3.6.3 Development of Computational Grids 
The computational grid has been created using the ANSYS ICEM 11.0 package. 
The whole domain has been discretized with tetrahedral elements; a prism layers 
have been added on the walls of spacer and fuel rods, in order to improve the 
near-wall turbulence treatment. As an example, the mesh of the Sector 1 of the IEC 
spacer grid (see Fig. 99) is constituted by: 
 5.6 million nodes 
 18.2 million elements 
o 12.1 million tetrahedra 
o 0.59 million prisms 
o 866 pyramids 
o 0.24 million hexahedra 
 
 
Fig. 99 – Details of IEC computational grid. 
5.3.3.7 Set-up of Steady-state Simulations of IEC Spacer Grid Flow 
The simulations were performed using the computational grids mentioned above, 
and the CFD code ANSYS CFX 11.0. 
Several sensitivity analyses were performed in addition to the reference 
calculation, so as to provide relevant information on the influence of selected 
boundary conditions and numerical settings. 
5.3.3.7.1 General Modeling Choices 
Performed calculations on IEC spacer got the same modeling choices as those for 
KWU spacers reported in Section 5.3.3.4.1, except for the numerical scheme for 
the advection term of transport equation, which have been set to a quasi-second 
order High Resolution scheme, since it is expected to be more accurate than first 
order scheme. 
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5.3.3.7.2 Boundary Conditions 
The same assumptions as for the KWU simulation were made; for details see 
Section 5.3.3.4.2. 
5.3.3.7.3 Performed Calculations and Sensitivity Analyses 
An overall number of twelve CFD calculations were performed, subdivided in two 
groups. The first group is referred to the evaluation of the pressure loss induced by 
the IEC spacer grid in the selected experimental conditions. 
Three simulations were chosen as reference calculations (one for each Sector), 
while the sensitivity analyses were performed on Sector 1, based on IEC.1.0 
calculation set-up.  
 Reference calculations: 
o IEC.1.0 – Sector 1 
o IEC.2.0 – Sector 2 
o IEC.3.0 – Sector 3 
 Sensitivity on numerical settings: 
o IEC.1.1 – first order discretization scheme (Upwind) 
 Sensitivity on boundary conditions: 
o IEC.1.2 – periodicity condition not accounted for 
o IEC.1.3 – extended domain (increased inlet and outlet distance) 
Calculation IEC.1.3 was provided with a different position of the inlet and outlet 
surfaces (see Fig. 100) by means of extruding the original boundaries, in order to 







Fig. 100 – IEC inlet (blue) and outlet (red) surfaces for reference calculation (short) 
and sensitivity analysis (long) 
Moreover, six additional analyses were performed assuming a CNA-II configuration 
(in terms of inlet coolant temperature: 278°C) in order to obtain useful information 
on mass flowrate variations, and on the effect provided by the heating up process 
which the coolant undergoes in flowing through the core (from 278°C to 313°C). 
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These simulations did not account for the periodicity condition; moreover the first 
order numerical scheme (Upwind) was used in order to reduce computing time, 
thus their results cannot be compared against the calculations described above. 
 Sensitivity on mass flowrate (at 278°C): 
o IEC.1.4 – 0.1 kg/s 
o IEC.1.5 – 1 kg/s 
o IEC.1.6 – 10 kg/s 
o IEC.1.7 – 27 kg/s 
o IEC.1.8 – 100 kg/s 
 Sensitivity on temperature (at 27 kg/s): 
o IEC.1.9 – 313°C (outlet from the core) 
5.3.3.8 IEC Spacer Grid: Obtained Results and Comparison Against 
Experimental Data 
The results are reported in terms of pressure loss coefficient related to one single 



















 Eq. 16 
 
here p is the pressure difference between inlet and outlet boundaries,  is the 
density (= 884.6 kg/m
3
 at 250°C), v  is the average velocity, A is the coolant 
channel flow area. 
Under certain assumptions, the results for the two sectors can be combined to 
estimate the pressure loss coefficient for the entire FA cross section. In fact, if the 
coefficient associated with the i-th sector is Ki, and the flow area is Ai, then the 



















































This relation is obtained imposing the same pressure difference across all sectors. 
It has to be considered that the results presented in the following include the 
contribution of the friction losses along the coolant channel to the overall pressure 
loss. 
The results of the three reference calculations (one for each Sector) are reported in 
Tab. 40. The pressure loss coefficient for the entire fuel assembly cross section is 
estimated using Eq. 17 and is compared against the experimental data (2.18). 
The overall pressure loss resulted overestimated by ~23%. 
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IEC.1.0 Sector 1 3.25 - 
IEC.2.0 Sector 2 2.57 - 
IEC.3.0 Sector 3 2.33 - 
Eq. 17 Entire cross section 2.68 +22.9% 
Tab. 40 – IEC Reference results. 
Results from sensitivity analyses on Sector 1 are reported in Tab. 41, and show 
noticeable influence of the discretization scheme on the results: the adoption of the 
first order scheme (Upwind in IEC.1.1) yields a 14% decrease of the pressure loss 
coefficient. 
The pressure loss through the spacer is affected by the way the periodicity is dealt 
with (see Section 5.3.3.4.2); removing the periodicity condition induces a 11% 
reduction of the calculated coefficient. 
As expected, the calculation IEC.1.3 (extruded domain) yields a 4% increase of the 









IEC.1.0 reference 3.25 - 
Sensitivity on numerical settings 
IEC.1.1 1
st
 order – Upwind 2.79 -14.2% 
Sensitivity on boundary conditions 
IEC.1.2 no periodicity 3.88 -11.4% 
IEC.1.3 extended domain 3.38 +4.0% 
Tab. 41 – Results from 1
st
 group of sensitivity analysis on IEC Sector 1. 
Moreover, the results from the second group of sensitivity analyses are reported in 
Tab. 42. The obtained pressure loss coefficient are than compared against the 
result from calculation IEC.1.7 (inlet condition in CNA-2 unthrottled core region). 
Mass flowrate variation have huge impact in the overall pressure drop, mostly at 
lowest values. 
A sensitivity calculation (IEC1.9) has been made considering the spacer grid at the 
outlet zone of the coolant channel and imposing the temperature of 313°C (core 
outlet coolant temperature). The resulting increase of temperature with respect to 
IEC.1.7 entails a minor decrease of the pressure drop. 
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Sensitivity on mass flowrate 
IEC.1.4 0.1 278 5.02 +124% 
IEC.1.5 1.0 278 2.68 +19.6% 
IEC.1.6 10 278 2.32 +3.6% 
IEC.1.7 27 278 2.24 reference 
IEC.1.8 100 278 2.17 -3.1% 
Sensitivity on temperature 
IEC.1.9 27 313 2.23 -0.4% 
Tab. 42 – Results from 2
nd
 group of sensitivity analysis on IEC Sector 1. 
5.3.3.9 Design Optimization Studies 
Several CFD studies were performer on the Sector 2 of the IEC spacer grid in 
order to optimize its design and to reduce pressure losses; however no structural 
mechanics analyses were performed, therefore the proposed modifications are 
only intended to demonstrate a possible relevant contribution to the design process 
by the adoption of CFD techniques. 
Three modification of the spacer design were considered, as Fig. 101 shown, all of 
them being related to the adoption of chamfer either on the grid edges or on the 
“patines” (a layer added on the fuel cladding in order to adapt the design of CNA-1 
spacer to the CNA-2 fuel). 
Based on UNIPI experience, both Upwind and High Resolution schemes were 
adopted as numerical model for the advection term of transport equations. 
Tab. 43 report the obtained results in terms of relative difference with respect to the 
original design. The obtained reduction of pressure losses ranges between 14% 
and 20%, thus highlighting the role of the edge shape on the overall pressure drop. 
This studies may represent the first step of a systematic design optimization 
process involving also structural mechanics analyses. 
 
Fig. 101 Notes Upwind High Resolution 
Case (a) Sharpe edge – original design Reference Reference 
Case (b) Chamfer on grid -14.4 % -16.0 % 
Case (c) Chamfer on grid and “patines” -15.0 % -20.0 % 
Case (d) Chamfer on grid and “patines” -15.6 % - 
Tab. 43 – Results from design optimization studies on IEC Sector 2: relative 
difference with respect to original design pressure loss. 
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Fig. 101 – IEC design optimization: original (a), chamfer on grid (b), small (c) and 
bigger (d) chamfer on grid and “patines”. 
5.3.3.10 Conclusions on Pressure Loss Calculation of FA Spacer Grids 
CFD simulations of spacer grids of Atucha-II coolant channel were performed with 
the aim to contribute to the qualification of the proposed CFD modeling approach 
for predicting the pressure drops along the channel during normal operation. 
Two different spacer grid types (namely KWU and IEC) were simulated, several 
sensitivity analyses were performed for both KWU and IEC spacer grids, in 
compliance with the BPG recommendations. 
Obtained results were compared against experimental data. The analyses puts in 
evidence the dependence of the results on the advection scheme, but, in any case, 
the results are in good agreement with the experimental value, especially in the 
case of KWU spacer grid.  
The results of IEC spacer can be improved particularly changing the advection 
scheme; for this type of problem the use of first-order schemes seems to yield 
better results with respect to higher order schemes. 
Finally, some ideas to reduce the pressure losses have been investigated in 
specific CFD analyses, obtained results can form the basis for a review process of 
the design: However structural mechanics analyses as well as experimental 
activities are still needed in order to verify the stiffness of the proposed 
modifications. 
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5.4 Development of a Global RPV Model 
The present Section describes the development of a global CFD model of the 
whole Reactor Pressure Vessel (RPV) with the aim of investigating the pressure 
and velocity fields in the downcomer (DC), lower plenum (LP) and upper plenum 
(UP), and particularly the in-vessel mixing phenomena, during transient scenarios. 
With such purpose, several CFD simulations were performed with the CFD code 
ANSYS CFX 11.0, assembling grids created for separate analyses of LP and UP. 
The model includes also the thermal effects due to the heat fluxes in the core. 
5.4.1 Identification of the Computational Domain 
The computational domain of the RPV includes the two cold legs downstream of 
the Main Coolant Pumps (MCP), the downcomer (DC), the lower plenum (LP), the 
coolant channel (CC), the upper plenum (UP) and the two hot leg nozzles. As Fig. 
102 shows, the overall RPV domain has been subdivided in three sub-domain for 
meshing purposes: 
 Sub-domain A (blue); 
 Sub-domain C (green); 
 Sub-domain B (red). 
The sub-domain A includes the following features: 
 The penetrations in the RPV inlet region (i.e. the nozzles of the two hot 
legs, those for moderator suction, those for the safety injection and those 
for the fuel failure detection system); 
 The variation of the moderator tank (MT) diameter in the DC below the 
nozzles region; 
 The 12 spacers between the MT and the RPV inner wall, in the lower part 
of the DC; 
 The grid structure in the LP, between the lower filler ad the MT bottom (all 
the 65 rhomboidal sub-plena are appropriately modeled, along with their 
inter-connections). 
The sub-domain C consists of the CC, they have been modeled in a simplified way, 
i.e. just with cylinders connecting the LP with the UP. 
The sub-domain B consists of the volume included in the MT closure head, 
bounded by the lower plate, the upper ellipsoidal shell and the lateral cylindrical 
wall, together with the hot leg nozzles. The MT closure head has several hundred 
penetrations, among which the following ones have been taken into account in the 
CFD model: 
 4 Moderator downcomers; 
 2 Moderator Suction pipes (simplified description); 
 2 Fuel Failure Detection Systems (simplified description); 
 451 Coolant Channels (presence of different types of reinforcing tubes 
accounted for). 
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The guide tubes of control rods and of in-core instrumentation, which intersect the 
UP volume, have been neglected, so as to achieve a compromise between the 
level of detail of the geometric description, and the need of adapting the grid size to 
the computing resources and time available. However, such guide tubes are 
relatively thin and are not believed to have a relevant influence on the UP flow 
field. 
For more further details regarding sub-domain A and sub-domain B see Section 
5.1 and Section 5.2 respectively. 
 
 
Sub-domain A (LP + DC)
Sub-domain C (CC)
Sub-domain B (UP) 
 
Fig. 102 – Computational domain of RPV. 
5.4.2 Development of RPV Computational Grid 
It was decided to use the previously developed grids of the sub-domain A and the 
sub-domain B (tor further details on grid A1 and grid B1 see Section 5.1.1 and 
Section 5.2.1 respectively), to be assembled together with a new grid of the sub-
domain C. 
In order to reduce the number of nodes, the volume grid (see Fig. 103-a) was 
created extruding surface triangular and quadrangular elements (see Fig. 103–b). 
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Then, the three sub-domains have been assembled into a single grid by defining 
the following interfaces: 
 LP to CC; 
 CC to UP 
through the definition of General Grid Interfaces (GGI), i.e. calling special routines 
(implemented in CFX Solver) which perform the necessary interpolations to match 
the non conformal grids. The adoption of GGI yields a little increase in the 
computing time, and tends to reduce the numerical accuracy; however such 








Fig. 103 – Grid of sub-domain C: external overview (a) and detail of  
superficial elements (b). 
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5.4.3 Set-up of CFD Simulations 
The simulations were performed using the computational grids mentioned above, 
and the CFD package ANSYS CFX 11.0 (Ref. [45]). 
5.4.3.1 General Modeling Choices 
The calculations were aimed at simulating the flow in nominal conditions (i.e. with 
uniform inlet coolant temperature). 
The working fluid was defined as water with the following properties: 
 Temperature: 551 K (only relevant to calculate the two following properties) 
 Density: 837.38 kg/m³ 
 Dynamic Viscosity: 1.0104·10
-4
 kg/m·s 
The following field equations were solved: 
 Mass balance (Continuity) 
 Momentum balance (Reynolds-averaged Navier-Stokes equation) 
 Transport of turbulent kinetic energy (k) 
 Transport of turbulent eddy frequency () 
 Transport of an additional, user-defined, scalar variable working as a 
“numerical tracer” (MS in the followings) 
The turbulence was accounted for with the k-ω based Shear Stress Transport 
(SST) model available in CFX. The related “automatic” near-wall treatment of 
turbulence available was adopted. 
Finally, a numerical passive scalar has been defined to work as a tracer of the 
coolant flowing from one of the two Cold Legs, it behaves as a physical solution 
passively transported by the flow, coloring the coolant. 
The reference pressure was arbitrarily set to 100 bar, instead of the normal 
operation value (115 bar). However this setting is not affecting the accuracy or the 
realism of the results in any way, because the flow is incompressible and buoyancy 
effects are absent, and thus only pressure differences (due to flow resistances) are 
relevant. 
A first-order numerical discretization scheme for the advection term of the transport 
equation has been used in all the calculations. Such scheme provides faster 
calculation and enhances diffusive phenomena (e.g. turbulent mixing) with respect 
to higher order schemes. 
5.4.3.2 Boundary Conditions 
The adopted computational domain has the following boundaries: 
 2 inlets (cross sections of the cold legs, upstream of the elbows) – blue 
arrows in Fig. 102; 
 2 outlet (cross sections of the hot legs) – red arrows in Fig. 102; 
 walls (any other surface bounding the domain). 
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A uniform velocity profile was imposed at the inlet boundaries, so as to achieve a 
total inlet mass flowrate equal to the nominal value (10262.7 kg/s); in addition a 
continuous injection of MS have been imposed at one inlet, in order to improve the 
investigation of the flow field. 
Inlet turbulence intensity and the eddy viscosity ratio set to their CFX-default values 
(0.05 % and 10 respectively) 
A pressure-controlled outlet boundary condition (BC) was defined at the outlet 
boundary, imposing an average pressure equal to the reference pressure defined 
above. 
All wall-type boundaries were treated with a no-slip condition, coupled with the law-
of-the-wall model for near wall turbulence treatment. 
5.4.3.3 Core Pressure Losses 
The CFD model does not include a detailed description of the coolant channels. In 
order to represent the effect produced by the simplified geometrical features on the 
flow field, additional pressure losses have been applied to the coolant channels 
volume in the CFD model, according to the different hydraulic zones. 
They consist of a negative momentum source included in the momentum balance 
equation (i.e. the Reynolds-Averaged Navier-Stokes equation), modeled as 
described in Section 5.1.2.3. 
Five loss coefficients have been defined to account for the five-zone configuration. 
Their values have been tuned on the pressure drops formerly calculated by 
SIEMENS with the DRUD2O code (Ref. [66]), a lumped parameter code used for 
CNA-2 design purposes, which include data collected from experimental campaign 
on pressure losses performed by SIEMENS. Unfortunately, no further information 
is available on such experiments, therefore DRUD2O data represent an indirect 
experimental reference for CFD calculations. 
5.4.3.4 Heat Flux 
As mentioned before, a simulation was performed including heat fluxes at the wall 
of the coolant channels depending on the related hydraulic zone, as reported in 










1 1b 1555 
2 2b 1630 
3 3b 2076 
4 5c 2478 
5 none 2957 
Tab. 44 – Imposed heat fluxes at CC walls. 
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Fig. 104 – Core hydraulic zone, each zone account for a specific wall heat flux. 
5.4.3.5 Performed Calculations 
Two simulations were performed with the CFD code ANSYS CFX 11.0, namely: 
 RPV-1 – heat flux included 
 RPV-2 – heat flux not included 
The difference between them is the presence of heat flux at the CC walls, as 
described above. 
5.4.4 Obtained CFD Results for the Global RPV Model 
The resulting three-dimensional flow filed is showed in Fig. 105-a by means of 
showing the streamlines colored by the tracer, while the tracer distribution on the 
wall is showed in Fig. 105-b. 
No appreciable differences are noted in the two cases. The flow enters the RPV 
from the CL and reaches the DC, forming a counter-clockwise flow rotation 
(already observed in Section 5.1.3.1.5 and Section 5.1.3.2.2, and further 
investigated in Section 5.1.4) up to the LP, then the flow goes upward on the CC 
and reach the UP, then flowing through the hot leg nozzles in two separate 
streams, thus confirming the studies presented in Section 5.2.3. 
As discussed above the two calculations show the appearance of a large counter-
clockwise flow rotation in the DC (roughly 70°). Such effect is even better 
evidenced by the numerical tracer that is assumed to enter form one cold leg. This 
is shown in Fig. 106, where blue and red zones indicated the coolant flowing from 
CL1 and CL2 respectively. The ideal flow distribution would obviously be symmetric 
with respect to the plane passing through the RPV axis and normal to the inlet 
nozzle axis. 
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Fig. 106 – Tracer distribution on the LP bottom (top) and on a horizontal cross-
section of the UP at nozzle level (bottom) for both calculations. 
The flow exiting from the hot legs is composed by ~2/3
rd
 of mixed coolant (between 
CL1 and CL2), while ~1/3
rd
 by almost unmixed flow coming from the opposite loop. 
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However this composition is strictly connected with the flow rotation effect in the 
DC, which in turn is strongly affected by the mesh type and size and by the 
adopted spatial discretization scheme, as described in Section 5.1.4. 
Therefore the loop-to-loop mixing is affected by similar dispersion in the results as 
the rotation angle. It can be concluded that a relevant amount of mixing between 
the loops occur, however an accurate prediction of the loop-to-loop mixing is rather 
challenging and needs additional effort in the analyses. 
Finally, it would be advisable that tests be performed on the real plant during the 
commissioning phase to explore the actual occurrence of the flow rotation and to 
investigate its related effect on the loop-to-loop mixing. 
The calculated pressure distribution in the LP is shown in Fig. 107. As expected, 
the grid structure produces some flow resistance along the flow path from the LP 
periphery towards the centre, and therefore a non uniform pressure field results in 
the LP. However the largest pressure difference is only ~13 kPa and ~14 kPa for 
RPV-1 and RPV-2 respectively, therefore the pressure field can be considered 




Fig. 107 – Pressure distribution in LP (horizontal cutting plane). 
Concerning the mass flow distribution through the core, a comparison between the 
two calculations is shown in Fig. 108; in both the cases the mass flowrate 
distributes thorough the channels according to the five hydraulic zones, showing 
negligible deviations within each zone. The comparison with the case A1.0 (i.e. the 
reference case in Section 5.1.3) is also shown, no appreciable differences are 
noted. 
The RPV-2 calculation was provided with heat flux at channel walls, Fig. 109 
shows the coolant temperature in each channel: the picture in the center 
represents the temperature in all the core, while small pictures represent the 
temperature in each hydraulic zone. 
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Fig. 108 – Coolant distribution over the channels: comparison between PRV-1 and 











Fig. 109 – Coolant temperature in the core (RPV-2 case) 
The temperature plots in two vertical planes passing through the hot and cold leg 
axis (namely Plane IN and Plane OUT in Fig. 110-a), are shown in Fig. 110-c and 
Fig. 110-d respectively; the higher temperature is observed in the top part of some 
CCs close to the walls, as expected. The temperature distribution on the horizontal 
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cut plane at nozzle level is plotted in Fig. 110-b: the temperature is hotter in the 
periphery of the UP than in the central zone. 
The temperature values are not realistic since the imposed heat fluxes were 
uniformly distributed through the channels belonging to the same hydraulic zone, 
and furthermore uniformly distributed through the entire surface of the channel 
walls. 
These results aim at demonstrate the capabilities of the developed CFD model to 
simulate the core heat transfer, however, the models are not fully developed and 
assessed, therefore further efforts are needed in order to simulate the heat transfer 
















Fig. 110 – Coolant temperature (RPV-2 case): definition of cutting planes (a), 
horizontal cross-section at nozzle level (b), plane IN (c) and plane OUT (d). 
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5.4.5 Conclusions on Global RPV Model 
A global CFD model of the whole Reactor Pressure Vessel (RPV) was developed, 
the aim were the investigation of pressure and velocity fields in the downcomer 
(DC), lower plenum (LP) and upper plenum (UP), and particularly the in-vessel 
mixing phenomena in steady-state nominal operation. 
The developed model offers the possibility to simulate transient scenarios involving 
the whole PRV since the travel time of the coolant in the core is accounted for. 
Obtained results confirm the studies presented in Section 5.1 (DC and LP 
analyses) and in Section 5.2 (UP analyses), including the presence of a large 
counter clock-wise flow rotation in the DC and LP. 
Performed studies demonstrate the capabilities of the developed CFD model to 
investigate RPV flow both in normal and off-normal conditions, accounting for the 
actual flow resistance through the coolant channels, and for the thermal power 
transferred to the coolant by the fuel assemblies. However, further efforts in the 
heat transfer modeling are still needed in order to obtain affordable results. 
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6. CFD ANALYSES OF THE FAST BORON INJECTION SYSTEM 
INTERVENTION DURING A LBLOCA SCENARIO 
Between the scenarios addressed by FSAR analyses, the most challenging was 
represented by the DEGB-LOCA, for which several codes were used following a 
procedure involving code-chain and coupling. 
The coupled RELAP5-3D/NESTLE analysis of the LB-LOCA scenario needs to 
account for the neutronic feedback caused by the fast boron injection into the 
moderator provided by the FBI system intervention. The time- and space-
dependent boron distribution inside the MT are needed, accounting for the effect of 
inherently three-dimensional flow filed and mixing phenomena in a complex 
geometry such that inside the MT. CFD is the only available technique able to 
accomplish this task. 
The present Chapter describes the CFD studies of the boron injection into the 
moderator tank during a DEGB-LOCA scenario, starting from the development of a 
CFD model suitable for investigating the moderator flow in the moderator tank of 
CNA-2 RPV both for steady-state and transient flow conditions, in order to assess 
the flow structures developing inside the MT in steady-state conditions. 
A preliminary RELAP simulation of the FBI system intervention (from which the 
boundary conditions for CFD calculations derive) is also presented, together with a 
CFD assessment of the most relevant concentrated pressure losses affecting the 
performance of the Fast Boron Injection System during its intervention (used as 
input data by the above RELAP calculation). 
Moreover, a demonstration/extension of the qualification level of the modeling 
approach adopted to develop the MT CFD model is presented. The code 
predictions were compared against a FBI experiment performed in the eighties on 
a SIEMENS down-scaled test facility, a specific CFD mesh was developed for the 
purpose. 
The above qualification process, conducted as far as allowed by the available 
experimental information, permitted to demonstrate that the proposed CFD 
modeling approach is suitable for calculating the history of the boron clouds during 
a boron injection scenario in Atucha-II. 
Finally, the CFD simulation of the FBI system intervention during a LOCA scenario 
is described, and the resulting time- and space- dependent distribution of boron 
concentration is then processed by means of user-defined routines, which allows 
feeding CFD results to TH-SYS and NK codes. 
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6.1 Description of the Boron Injection System 
The emergency boron injection system, also referred to as “JDJ” in German 
reports, is a backup system for the fast shutdown of CNA-2 reactor, in addition to 
the control rods. The boron injection, powered by pressurized air, is meant to be 
actuated whenever the intervention of control rods is not sufficiently fast to 
shutdown the reactor. 
The boron injection system, sketched in Fig. 111, consists of four injecting lines, 
each including the following parts: 
 One air tank 
 One fast acting valve 
 Two boron solution tanks 
 One rupture membrane 
 One injecting lance 
 Pipelines connecting the above components 
The air tank is partly filled with highly pressurized air (200 bar) and partly with 
borated water, the two fluids being kept separated by a piston. The air tank is 
connected to the two boron solution tanks, which are arranged in parallel. Namely 
the “boron solution” is a solution of D3BO3 in heavy water, with a concentration of 
7000 ppm (1 ppm = 1 g boron per 1000 kg water), according to [69]. 
A fast-acting valve is located on the pipeline connecting the air tank with the boron 
tanks; in normal conditions the valve is closed, and separates the high pressure 
region (air tank) from the rest of the circuit, which is kept at low pressure (1 atm); 
during accidental events requiring the intervention of the boron injection system, a 
signal causes the valve to open and the whole system to be pressurized. 
A pipeline connects the boron tanks to the RPV. However a rupture membrane is 
placed on such pipeline, with the purposes of separating the high pressure ambient 
(RPV) from the low pressure one (boron tanks) during normal operation. When the 
intervention of the injection system is requested, the pressurization of the injecting 
circuit causes the rupture membrane to break, thus allowing the borated solution to 
rapidly flow towards the RPV. It was proved that, in order to provoke the rupture of 
the membrane, the pressure in the injection system must raise to a specific value 
higher than the pressure in the MT. Obviously some time is needed for the 
pressurization, which causes a delay in the intervention of the injection system. 
The pipeline ends with the injection lance, which begins at the RPV closure head, 
passes throughout the UP and finally enters the MT, allowing the borated solution 
to be efficiently diffused within the moderator. 
A sketch of the boron injection system downstream of the boron tanks is shown in 
Fig. 112. The lance begins with a flange welded onto the RPV closure head and to 
which the pipeline coming from the rupture membrane is connected. The lower part 
of the lance is contained inside the MT, and is made of two coaxial tubes, both 
provided with holes for the boron ejection. 
 
April 2011 - 193 - University of Pisa 
 

































Fig. 112 – Sketch of boron injection system (downstream of the boron tanks). 
Fig. 113 shows a drawing of the injection lance adopted in CNA-2 design. The 
outer tube (the one connected to the flange shown in top-right) is provided with 34 
holes (~1 cm diameter), arranged in two symmetric longitudinal series, and whose 
axes have different orientations (ranging from 55° to 85° with respect to the lance 
axis). Analogously, the inner coaxial tube is provided with two series of 8 holes 
each, with the same diameter and with different orientations (30°÷60°). A larger 
central hole is located at the end of the inner tube (~4 cm diameter). Overall, the 
lance is provided with 51 holes. The two coaxial tubes are maintained in their 
relative position by radial spacers. 
All the above geometrical details were appropriately taken into account in the CFD 
modeling of the injection lance. 
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It has to be remarked that the lance design described above was chosen by 
Siemens after an optimization study aimed at obtaining the most efficient 
dispersion of the boron solution into the moderator. In such study several different 
lance designs were considered and tested experimentally. The selected lance is 
the one referred to as #27. 
Before the rupture membrane opening, the pipeline downstream of the membrane 
(including the boron lance) is filled with non-borated water, while the pipeline 
upstream is filled with borated water. 
After the rupture membrane opening, such volume must be displaced before the 
borated solution reaches the first holes on the lance and is injected into the 
moderator. In other words, a delay exists between the rupture disk opening and the 
boron injection, which depends on the injection flowrate. The flowrate, in turn, is 
governed by the pressure losses along the line and by the pressure difference 
between the boron tanks and the MT; such pressure difference is a function of time 
and of the specific transient. For instance, a 2A-LOCA is featured by a rapid 
depressurization of the RPV (and thus of the MT), therefore the boron injection 
flowrate will be relatively high, while in case of a smaller break LOCA the pressure 
difference driving the injection, and the related flowrate, will be smaller. 
As mentioned above, the intervention of the boron injection system is affected by 
the following delays, assuming as t=0 the instant at which the pipe break is 
produced (see Ref. [69] and [70]): 
i. Time elapsing between the pipe break and the generation of the signal of 
boron injection system intervention [250 ms] 
ii. Fast-acting valve opening time [80 ms] 
iii. Pressurization time until the rupture membrane starts breaking  
[390 ms, according to UNIPI RELAP5 calculations] 
iv. Time needed for the complete rupture of the membrane [20 ms] 
v. Time needed to displace the non borated water contained in the injection line 
downstream of the rupture membrane [360 ms, according to UNIPI 
RELAP5 calculations] 
The two contributions iii) and v) are influenced by the time history of the pressure in 
the MT, therefore they depend on the specific transient considered. 
The following Fig. 113 and Fig. 114 provide further information on the layout of the 
boron injection lances. In particular, Fig. 114 includes a picture of the MT from the 
top, which shows the relative positioning of the coolant nozzles, the boron lances 
and the coolant channels. It can be observed that the lances layout is not 
symmetric with respect to any vertical plane; however, the overall configuration is 
invariant with respect to a 180° rotation. 
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Fig. 113 – Positioning of injection lance in RPV. 
CL 1
HL 1







Fig. 114 – Sketch of boron injection lances layout. 
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6.2 Assessment of MT Flow Field and Mixing in Steady-state 
Normal Operation 
The present Section describes the development of a CFD model suitable for 
investigating the moderator flow in the moderator tank of CNA-2 RPV both for 
steady-state and transient flow conditions, in order to provide insight on the flow 
structures developing inside the MT and to provide the basis for the CFD 
investigation of the flow mixing phenomena affecting the injection and space and 
time distribution of borated water during the Fast Boron Injection system 
intervention. 
With such purposes, three computational grids were developed and several 
reference and sensitivity calculations were performed. 
6.2.1 Development of MT Computational Grids 
6.2.1.1 Identification of the Computational Domain 
The selected computational domain includes the in-vessel volume occupied by the 
moderator (Fig. 115) including the 4 injection lances. The following geometrical 
features have been accounted for: 
 Outer walls of the 451 coolant channels (purple) 
 MT boundaries (MT lower plate, closure head lower plate, cylindrical wall) 
 4 moderator downcomers (red) 
 Moderator injection ring – simplified description (green) 
 Moderator suction ring – simplified description (violet) 
 4 boron lances (orange) 
The following geometrical features have been neglected, because they are 
expected not to sensibly affect the results, while their modeling would lead to much 
higher computing power demand: 
 Control rod guide tubes 
 Instrumentation guide tubes 
 Connection between UP and MT (4 holes, on the cylindrical wall of the MT 
closure head, for pressure equalization) 
The boron injection lances have been modeled taking into account all the main 
geometrical details, such as the central hole, the two rows of 25 holes each along 
with their different orientations, the coaxial zone, the internal spacers etc. (see Fig. 
116). 
Siemens performed experimental investigations in the past, in order to test the 
performance of different types of injection lances. After an optimization study, the 
No. 27 was actually chosen for being installed in CNA-2. The details used for 
present modeling are referred to such type. 
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Fig. 116 – Boron injection lance: and CFX model. 
Fig. 117 shows the simplified geometrical description of the moderator injection (e) 
and suction (d) rings which have been used to model the computational domain. 
The moderator is injected into the Moderator Tank through several nozzles located 
in the injection ring. The 64 nozzles are 45° inclined with respect to the vertical 
axis, they all have different diameter and are welded at unique angular position. As 
an example, Fig. 118-a and Fig. 118-b show a sector of the injection ring and the 
location of some nozzles. Again, the moderator suction ring has been provided with 
88 holes to act as moderator outlet, they are placed in the upper part of the ring in 
a similar geometrical configuration as the inlet nozzles (see Fig. 119-a and Fig. 
119-b). 
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Fig. 117 – Computational domain: view of moderator circuit (a); moderator suction 









Fig. 118 – Moderator injection: front (a) and top views (b); and simplified model (c). 
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Fig. 119 – Moderator suction: front (a) and top views (b), and simplified model (c). 
An explicit modeling of all such geometrical features would lead to unacceptably 
high computing power demand; therefore simplification of the actual geometry are 
necessary to make the CFD modeling feasible. 
The complex geometry of the moderator inlet was represented replacing the small 
nozzles on the distribution ring with a thin annular surface located in its lower part 
(see Fig. 118-c); such annular surface constitutes the moderator inlet boundary in 
the CFD model, thus injecting the inlet flow through an area larger than the overall 
flow area of the nozzles. 
A similar approach was followed to model the moderator outlet boundary: in this 
case the upper surface of the suction ring serves as an outlet area instead of the 
small nozzles in the real configuration (see Fig. 119-c). 
6.2.1.2 Development of Reference Grid 
Tetrahedral elements were used to create the reference computational grid C1 in 
order to cope with the higher geometrical complexity. Mesh refinement has been 
performed in the internal volume of the lances and in the moderator regions which 
result to be mostly affected by the boron cloud after the first few seconds in the 
previously performed injection tests. This assessment process has led to quite a 
fine and complex grid, yet within the limits of the computing resources available at 
UNIPI. 
Fig. 120-a shows a view of the reference grid, while Fig. 120-b provides a closer 
view on the surface grid that define the boron injection lance; in particular, the 
holes through which the boron is injected are clearly visible. Fig. 120-c shows a 
cross section of the volume mesh through a plane cutting the injection lance along 
its axis; the adoption of a finer grid spacing close to the lance and internally is well 
recognized. 
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Fig. 120 – Reference grid C1: global view (a), injection lance details (b) and vertical 
cross-section through lance axis (c). 
6.2.1.3 Auxiliary Grids 
Two additional grids were developed for mesh sensitivity analysis purposes. The 







Tetras Prisms Nodes 
C1 7.1 0.2 1.6 
C2 7.7 - 1.5 
C3 3.3 1.2 1.4 
Tab. 45 – Relevant parameters of developed grids. 
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6.2.2 Set-up of Steady-state Simulations of Moderator Flow 
Steady-state CFD calculations were run in order to investigate the flow structures 
and thermal distribution in the Moderator Tank of CNA2 RPV. 
The simulations were performed using the computational grids described above, 
and the CFD package ANSYS CFX 10.0. 
Moreover, several sensitivity analyses were performed in addition to the reference 
calculations, so as to provide information on the influence of some relevant 
parameter and boundary condition. 
6.2.2.1 General Modeling Choices 
The same general modeling choices were applied as those for LP and UP 
simulations, as described in Sections 5.1.2.1 and 5.2.2.1, except for the working 
fluid (incompressible water) properties, which were modeled as functions of the 
fluid temperature. Namely, temperature-dependent correlations proposed by Oak 
Ridge National Laboratory for the heavy water (Ref. [71]) were implemented in 
CFX via user-defined expressions for the density, the dynamic viscosity and the 
specific heat. 
The “full buoyancy model” available in CFX was activates in order to properly 
simulate the density effects, which are introduced by the temperature gradients due 
both to the coolant by-pass and to the thermal power delivered to the moderator by 
the gamma and neutron radiation. 
A volumetric power source (i.e. a source term in the enthalpy balance equation) 
was defined in order to simulate the energy deposition into the moderator due to 
the neutron and gamma radiation, and the convective heat transfer from the 
coolant channels. 
As a simplifying assumption, such power source was defined as uniformly 
distributed throughout the whole moderator domain, so as to achieve the overall 
power production of 220 MW, as results from plant normal operation data. Since 
the net volume of the moderator in the MT is approximately 195 m
3
, the resulting 
power source is about 1.13 MW/m
3
. 
6.2.2.2 Boundary Conditions 
The boundary conditions applied basically consist of: 
 Moderator inlet flowrate (914 kg/s) 
 Moderator inlet temperature (414 K) 
 Coolant by-pass flowrate (2 l/min per channel, i.e. 12.6 kg/s) 
 Coolant by-pass temperature (551 K) 
The flowrates were imposed by defining uniform inlet velocity profiles (obtained 
taking into account the actual modeled flow area). 
In order to simulate the actual moderator injection through the ring nozzles, the 
inlet velocity was imposed to be 45° inclined with respect to the vertical axis, as 
shown in Fig. 121-c (red arrow). The same picture also shows the inlet surface of 
the coolant bypass flow (green boundary) coming from the LP through annular gap 
around each channel, which has been “smeared” over the bottom wall of the 
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moderator tank in order to avoid the presence of a thin annular surface around 
each channel and the consequential need of unfeasible local mesh refinement. 
Finally, a pressure-controlled outlet boundary condition was defined at the upper 











Fig. 121 – Boundary conditions: overview (a), outlet (b) and inlet (c) boundaries. 
6.2.2.3 Performed Calculations and Sensitivity Analyses 
An overall number of 10 CFD calculations were performed to provide information 
on the influence of some relevant boundary condition. The following simulations 
were performed: 
 Sensitivity on grids: 
o C1.0 – Reference grid 
o C2.0 – Grid without prism layers 
o C3.0 – Coarser grid 
 Sensitivity on boundary conditions (with reference grid C01): 
o C1.1 – Without bypass flow 
o C1.2 – Modified inlet boundary condition 
o C1.3 – Modified inlet and outlet boundary condition 
o C1.4 – Modified power source: law of cosine distribution 
o C1.5 – Modified heat transfer: 50% CC heat flux included 
Calculation C1.1 does not include the bypass flow coming from the LP. In 
calculations C1.2 and C1.3 the inlet mass flow was “smeared” over the whole 
vertical surface of the injection ring, in order to reduce the local velocity values for 
performing sensitivity analyses. Moreover, calculation C1.3 provides a similar 
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modification for the outlet boundary also (i.e. the vertical surface of the suction ring, 
instead of the upper surface). 
Two sensitivity calculations were run with modified power source: C1.4 having a 
law of cosine distribution (both axially and radially), while C1.5 with a 50% reduced 
source power, the remaining 50% being transferred to the moderator by contact 
heating from the coolant channels (imposed heat flux). 
6.2.3 Results of Steady-state Simulations of Moderator Flow 
It has to be noted that the numerical convergence for the moderator flow simulation 
was rather difficult, since the residuals of the solved equations could not be 
decreased by more than three orders of magnitude, while a decrease by a factor 
10
4
 is usually desirable for industrial-scale applications. The reasons why a better 
convergence was not achievable were not clarified. Furthermore, all sensitivity 
calculations had the same behavior as regards convergence. 
6.2.3.1 Results of Reference Calculation 
The flow field resulting from the reference simulation C1.0 show some peculiar 
features, however, the sensitivity calculations also yielded similar results in terms 
of flow field. 
Results of the reference calculation are reported in Fig. 122 and Fig. 123. In 
particular Fig. 122-a shows some streamlines of the moderator starting from the 
related inlet boundary, while Fig. 122-b shows some streamlines of the coolant 
flowing into the computational domain through the bypass. 
It is noted that a peculiar flow pattern develops in the bottom-centre part of the 
moderator tank: a central ascending stream forms from the bottom of the tank 
(collecting all the coolant bypass flow), which abruptly stops at around 1.5 m 
height, then spreads horizontally, until it finally starts moving upwards again. This is 







Fig. 122 – Results of reference calculation C1.0: 3D streamlines from inlet (a) and 
from bypass (b) 
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Fig. 123-a shows a picture of the projection of velocity vectors on a vertical plane, 
which confirms the observations above. Moreover, it can be seen than most of the 
flow in the central part of the MT is rather uniform and directed upwards. A more 
complex flow distribution is observed in the lower part, where the two inlet flows 
meet together, and in the upper part, where the ascending flow impacts against the 
upper boundary, abruptly change direction and goes towards the outlet boundary. 
Due to the power source, the moderator heats up, and a stratified temperature field 
appears, as showed in Fig. 123-b. Such temperature distribution is affected by the 
presence of the coolant bypass flow, which has higher temperature than the 
moderator entering the tank, thus increasing the buoyancy force. The hot bypass 
flow immediately mix with the cold moderator reaching a slightly higher 
temperature than the surrounding moderator, therefore an ascending column forms 
in the centre. At around 1.5 m height the fast ascending column reach the same 
temperature as the surrounding slow ascending moderator (owing to the core 
heating up process), thus abruptly stops and spreads horizontally. Then the flow 
distributes almost uniformly over the entire MT section and slowly rise up to the 
top. The temperature of the fluid at the outlet of the domain is around 470 °C, 







Fig. 123 – Results of reference calculation C1.0: velocity vectors projected in a 
vertical plane (a) and temperature stratification (b) 
6.2.3.2 Results of Sensitivity Analyses 
As already stated above, all the sensitivity calculations performed did not reach a 
good convergence level, since the residuals dropped by a factor not higher than 
10
3
, showing the same behavior during the iterations as the reference calculation. 
The peculiar flow pattern in the bottom-centre part of the moderator tank resulting 
from the reference calculation is still present in all sensitivity simulations results. 
However, different local flow structures (such as small recirculation) appear from 
different calculations. 
Fig. 124 shows the velocity vectors on a vertical plane resulting from calculation 
C1.2, which was run with a larger area defined for the moderator inlet boundary; 
this leads to lower velocity values in the zone close to such boundary. The basic 
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flow structure, featured by a central (hotter) ascending column which stops at mid-
height, is still observed, as well as a global flow directed upwards in the largest part 
of the MT, a horizontal flows in the bottom (directed from the moderator inlet 
boundary to the centre) and complex recirculation flows in the top of the MT. 
Moreover, some local recirculation structures appears also in the centre of the MT. 
Such behavior suggests that the flow distribution in the MT presents “stable” 
features (such as the central ascending stream) as well as less stable structures 
(such as local recirculation) which are sensitive to variations in the boundary 
conditions. This is also confirmed by the asymmetries in the local structures that 
can be observed in Fig. 124. Similar result is provided by calculation C1.3, which 




Fig. 124 – Velocity vectors on a vertical plane: calculation with larger inlet area 
(C01.2) 
The calculation with no coolant entering from the bypass (C1.1) also shows a 
similar flow behavior (see velocity vectors in Fig. 125-a) and thermal stratification 
(see temperature distribution Fig. 125-b). This suggests that the central ascending 
stream is not caused by the bypass flow. However the height at which the 
ascending columns stops is lower in this case, which indicates the presence of 
buoyancy effects when the bypass coolant, hotter than the inlet moderator, is 
accounted for. This result indicates that the flow coming horizontally from the 
moderator inlet heats up owing to the power source, reaching the central region of 
the MT at a higher temperature than the moderator in the peripheral region, thus 
creating the hot ascending column independently from the presence of the hot 
bypass flow. 
The maximum temperature value over the whole domain is lower with respect to 
reference results, owing to the absence of hot bypass coolant flowing into the 
moderator tank. The outlet moderator temperature is not appreciably affected since 
the coolant bypass flowrate is only 1% of the moderator flowrate. 
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Fig. 125 – C01.1 results (no bypass flow): velocity vectors projected in a vertical 
plane (a) and temperature stratification (b) 
Grid sensitivity analyses (C2.0 and C3.0) did not show any appreciable difference 
with respect to the results of the reference calculation. 
Sensitivity calculations were also run using a non uniform power source distribution 
(C1.4) and transferring part of the power to the moderator via a heat flux applied on 
the coolant channels walls (C1.5). No noticeable differences were observed with 
respect to the results of reference calculation, and the results are thus not 
presented here. 
6.2.3.3 Results of Additional Analyses 
Following the availability of a new code release (ANSYS CFX 11.0, Ref. [45]) and 
of a new hardware at UNIPI (computer cluster based on Intel Xeon processors 
instead of AMD Opteron), additional analyses were performed aimed at checking 
the plausibility of the “peculiar” flow pattern previously evidenced. 
The additional calculation was set-up adopting the same mesh, modeling choices 
and boundary conditions as the previous calculations. The only differences were: 
 Use of CFX transient solver instead of steady-state solver 
 New code release 
 New hardware 
As shown in Fig. 126, the additional calculation achieved a satisfactory 
convergence, since all RMS residuals could drop by more than four orders of 
magnitude. 
Some results of the additional calculation are plotted in Fig. 127. The figures show 
that the flow behavior is exactly the same as that predicted by previous 
calculations. 
In addition, a further sensitivity calculation was run with different inlet boundary 
conditions (better approaching the actual distribution ring configuration, i.e. with 
two rows of injecting nozzles on the top and on the bottom of the ring). Again, the 
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same results were obtained for the flow and temperature distribution inside the 
moderator tank. 
As the additional simulation set-up provided a satisfactory convergence level and 
confirmed the previous results, the hypothesis that the code predictions was 




Fig. 126 – Improved convergence of additional calculation: momentum and mass 
(a) and turbulence (b) RMS equation residuals. 
  
(a) (b) 
Fig. 127 – Steady-state moderator flow from additional calculations: a) velocity 
vectors (a) and temperature profile (a) on a vertical cross section. 
6.2.4 Conclusions on the Investigation of MT Flow Field and Mixing 
A computational grid was developed representing the Moderator Tank of CNA-2 
reactor, suitable for steady-state and transient analysis of single-phase in-vessel 
flow, both in normal and off-normal operation conditions (i.e. boron injection 
scenario). 
The grid developed takes into account all the geometrical features which are 
expected to influence the flow behavior (such as the coolant channels), and is 
University of Pisa - 208 - April 2011 
 
Page 208 of 282 – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Terzuoli Fulvio 
relatively large in terms of number of nodes, so as to take advantage of the 
availability of parallel computing resources. Smaller and less relevant details were 
neglected, in order to avoid excessively large computing times and memory 
requirements. 
Special care was adopted in refining the grids as far as possible close to the 
injection lances and in the moderator region which are mainly affected by the boron 
clouds. 
The applicable boundary conditions (as functions of time) are: the flowrate and 
temperature for the moderator entering the moderator tank; the flowrate and 
temperature for the bypass coolant entering the moderator tank; the pressure at 
outlet boundaries; inlet flowrate, temperature and concentration of the injected 
boron solution. 
Reference steady-state CFD calculation was performed in order to investigate the 
flow field developing in the MT during normal operation. The power released to the 
moderator by the gamma and neutron radiation was accounted for by means of a 
uniform volumetric power source term in the enthalpy balance equation. 
Moreover, two additional grid were developed for mesh sensitivity analysis 
purpose, and five additional steady-state calculations were run in order to 
investigate the sensitivity of the results on different boundary conditions and source 
terms definitions. 
The key achievements from the reference and sensitivity steady-state CFD 
calculations can be summarized as follows: 
 The flow field is featured by the development of a hotter ascending stream 
in the bottom-centre part of the tank, which abruptly stops at mid-height 
due to the presence of a hotter region above it. Such flow “column” is 
present also when the coolant bypass is not accounted for. 
 The temperature field is stratified, with higher value on the top. The thermal 
stratification is somewhat altered in the bottom part due to the ascending 
stream (which is slightly hotter than the surrounding fluid). 
 The flow field in the rest of the moderator volume is globally directed 
upwards; however small recirculation flow structures appear at several 
locations which may vary when different boundary conditions are applied. 
In addition, further sensitivity calculations were run with different code release on a 
different hardware, confirming the results above. 
The results obtained provide a picture of the flow structures developing in the 
moderator tank, and constitute a basis for the initialization of the transient 
calculations aimed at simulating the boron injection into the moderator during the 
FBI system intervention. 
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6.3 Assessment of the Pressure Losses affecting the FBI 
System Intervention 
The present Section documents the development and the application of 
Computational Fluid Dynamics (CFD) models for addressing the estimation and the 
assessment of the most relevant concentrated pressure losses affecting the 
performance of the Fast Boron Injection System during its intervention. 
6.3.1 Assessment of Pressure Drops through the Rupture Disk 
Device and Comparison against Experimental Data 
The present Section reports the development of CFD models for evaluating and 
assessing the pressure losses affecting the borated heavy water flowing through 
the Rupture Disk Device (RDD) during the FBI scenario (Ref [68]). 
The RD is a device containing a rupture membrane and is placed on the pipeline 
connecting the boron tanks to the Reactor Pressure Vessel (RPV), with the 
purpose of separating the high pressure ambient (RPV) from the low pressure one 
(boron tanks) during normal operation. When the intervention of the fast boron 
injection system (JDJ) is requested, the pressurization of the injecting circuit 
causes the membrane to break, thus allowing the borated solution to rapidly flow 
into the Moderator Tank. 
Steady-state CFD analyses together with sensitivity calculations on relevant 
parameters have been performed at different mass flowrate in order to calculate 
the pressure loss coefficient of the RDD.  
Finally, a comparison against available experimental data from CNA-I RDD is 
documented. 
6.3.1.1 Description of the Rupture Disk Device 
As showed in Fig. 128, the Rupture Disk Device is mainly constituted by the 
following components: 
 Primary and secondary side connecting flanges, which connect the device 
with the pipes at high and low pressure; 
 Burst Insert, which is provided with 199 holes (Φ 4mm) directly in contact 
with the steel membrane; 
 Steel membrane, thin steel layer designed to break if the pressure in the 
injection system reaches a value 31.5 bar higher than the pressure in the 
MT; 
 Strainer cylinder, provided with 480 holes (Φ 4mm) in order to act as a 
filter for the debris of the broken membrane; 
 Loose flange, bolted to the connecting flange of the primary side. 
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Fig. 128 – Assembly drawing of the Rupture Disk Device: 1) flange – secondary 
side, 2) flange – primary side, 5) strainer cylinder, 6) bolt, 12) loose flange. 
6.3.1.2 Development of CFD Models for the Rupture Disk 
6.3.1.2.1 Identification of the Computational Domain 
The computational domain includes the fluid volume inside the RDD. As Fig. 129 
shows, it is worth mentioning that the selected computational domain includes two 
distinct fluids: 
 Heavy water (blue region) 
 D3BO3 solution in heavy water (blue region) 
In particular, the following fluid regions have been appropriately accounted for and 
modeled: 
 The internal volume of the secondary side connecting flange 
 The 199 longitudinal holes in the burst insert 
 The volume included between burst insert and strainer cylinder 
 The 480 holes in the strainer cylinder 




Fig. 129 – Rupture Disk Device: D3BO3 (red) and D2O (blue) regions. 
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The steel membrane was not included in the model since CFD analyses had the 
aim of calculating pressure losses after the break of the membrane. 
Inlet and outlet boundaries have been placed in the vertical cross-section at the tip 
of primary and secondary side connecting flanges. 
Since the fluid domain is symmetric with respect to two planes containing the 
longitudinal axis, a reduced domain (one-fourth) can be considered in order to 
develop finer grids (assuming a fixed overall number of computational nodes). 
6.3.1.2.2 Development of 3D CAD Models 
A 3D CAD model was developed for each one of the main components of the RDD 
listed in Section 6.3.1.1, except for the steel membrane. The dimensions of the 
models were based on the reference drawings. 
The resulting 3D models are showed in Fig. 130 (loose flange not included), while 
Fig. 131 shows a cross-section of the whole 3D solid model obtained by 




Fig. 130 – 3D solid models of the RDD main components. 
 
  
Fig. 131 – Cross-section of the RDD 3D solid model. 
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6.3.1.2.3 Development of Computational Grids 
The computational grids were developed with the package ANSYS ICEM-CFD 
11.0. 
Following the development of two computational grids for testing purposes, a 
reference grid (RD03) was developed. The grid includes three prism layers near 
solid walls of the domain. Moreover, the grids RD04 and RD05 were created in 
order to perform mesh sensitivity analyses. Tab. 46 contains the most relevant 
parameters of the developed computational grids, while Fig. 132 shows some 
details of 2D superficial elements of the reference grid. 
The grid RD04 was obtained from the reference one by removing the prism layers; 
the overall number of tetrahedral elements is slightly different because of the 
smoothing process. 
Finally, the grid RD05 was obtained from RD03 through a refinement procedure; 
the resulting number of computational nodes is increased by a factor 1.5 with 






















RD03 5.9 2.1 3 0.05 1.5 2.2 
RD04 6.0 - - - - 1.2 
RD05 7.8 3.7 3 0.02 1.5 3.5 









Fig. 132 – Details of the reference grid RD03: strainer cylinder with holes and  
caps (a); burst insert (b); zoom of prism layers on strainer cylinder holes (c). 
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6.3.1.3 Set-up of Steady-state Simulations of Rupture Disk Flows 
The simulations were performed using the computational grids mentioned above, 
and the CFD package ANSYS CFX 11.0. 
Moreover, several sensitivity analyses were performed in addition to the reference 
calculations, so as to provide relevant information on the influence of selected 
relevant boundary conditions and numerical settings. 
6.3.1.3.1 General Modeling Choices 
The aim of CFD simulations deals with evaluation and assessment of the pressure 
losses which affect the borated heavy water flowing through the Rupture Disk 
Device (RDD) during the FBI scenario. The heavy water mass flowrate is strictly 
time-dependent, since it varies depending on the instantaneous values of upstream 
and downstream pressures. From previously performed RELAP analyses of the 
JDJ system intervention (Ref. [70]), a range of mass flowrate values has been 
identified. In order to calculate the pressure loss coefficient of the RDD, 15 steady-
state CFD analyses were set-up using the 3 computational grids mentioned above 
and imposing 5 mass flowrate values chosen within the identified variation range: 
5, 20, 40, 60 and 100 kg/s. 
The 15 calculations share the following common settings: 
 Working fluid: incompressible water having the following properties: 
o Temperature: 303 K (only relevant to calculate the two following 
properties) 
o Density: 1104.91 kg/m³ 
o Dynamic Viscosity: 9.72·10
-4
 kg/m·s 
 Field equations solved: 
o Mass balance (Continuity) 
o Momentum balance (Reynolds-averaged Navier-Stokes equation) 
o Transport of turbulent kinetic energy (k) 
o Transport of turbulent eddy frequency () 
The turbulence was accounted for with the k-ω based Shear Stress Transport 
(SST) model and the related “Automatic” near-wall treatment available in CFX was 
adopted. 
No buoyancy model was activated, since the temperature is uniform and no density 
differences occur. 
The reference pressure was set to an arbitrary value instead of the actual operation 
range of values. This setting does not affect the accuracy or the realism of the 
results in any way, because of the incompressibility of flow together with the 
absence of buoyancy effects, which made relevant the pressure differences only. 
A first-order numerical discretization scheme for the advection term of the transport 
equation has been used in all calculations. Such scheme provides faster 
calculation and enhances diffusive phenomena (e.g. turbulent mixing) with respect 
to higher order schemes. 
University of Pisa - 214 - April 2011 
 
Page 214 of 282 – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Terzuoli Fulvio 
Based on UNIPI experience and common best practice in CFD analysis of 
industrial-scale problem, a convergence criterion based on the following two 
conditions was applied to all performed calculations: 
 The Root Mean Square (RMS) normalized values of the equation residuals 
must drop by at least 4 order of magnitude; 
 The flow fields (velocity, pressure, temperature fields etc.) must be 
stabilized as far as possible. 
A systematic use of parallel computing was made in order to handle computational 
grids having up to several million cells. 
6.3.1.3.2 Boundary Conditions 
The following boundaries have been imposed to the computational domain: 
 Inlet: cross-section at the tip of the secondary side connecting flange 
 Outlet: cross-section at the tip of the primary side connecting flange 
 Symmetry: two symmetry planes 
 Walls: any other surface bounding the domain 
Solid walls together with inlet and outlet boundaries are indicated in Fig. 133. 
Five different uniform velocity profiles were imposed at the inlet boundary, so as to 
achieve a total inlet mass flowrates equal to the chosen values (5, 20, 40, 60 and 
100 kg/s).Inlet turbulence intensity and the eddy viscosity ratio set to their CFX-
default values (0.05 % and 10 respectively). 
A pressure-controlled outlet boundary condition was defined at the outlet boundary, 
imposing an average pressure equal to the reference pressure defined above. 
Moreover, the “zero gradient” option for turbulence at the outlet was adopted, as 
recommended by CFX user manual. 
All wall-type boundaries were treated with a no-slip condition, coupled with the  




Fig. 133 – Identification of walls (grey), inlet (blue) and outlet (red) boundaries 
6.3.1.3.3 Performed Calculations and Sensitivity Analyses 
Using the 3 developed computational grids together with the 5 different mass 
flowrate values identified above, a total number of 15 steady-state CFD 
calculations were performed. Tab. 47 shows the identification number and the 
peculiarities of each calculation. The simulation using the finer grid and the higher 
mass flowrate (indicated in bold characters) was chosen as reference calculation 
for sensitivity analyses. 
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Inlet mass 
flowrate [kg/s] 
Computational Grid ID 
RD03 RD04 RD05 
5 RD03_005 RD04_005 RD05_005 
20 RD03_020 RD04_020 RD05_020 
40 RD03_040 RD04_040 RD05_040 
60 RD03_060 RD04_060 RD05_060 
100 RD03_100 RD04_100 RD05_100 
Tab. 47 – ID number of performed CFD analyses. 
Moreover, several sensitivity analyses were performed in addition to the 
calculations above, so as to provide information on the influence of some relevant 
boundary condition and numerical setting on CFD results. Based on the reference 
calculation, the following additional simulations were performed: 
 Sensitivity on numerical settings: 
o RD_01 – Double Precision” solver 
o RD_02 – “High Resolution” discretization scheme for the advection 
term of the transport equation 
 Sensitivity on turbulence modeling: 
o RD_03 – Two-equation k-ε model 
o RD_04 – Two-equation k- ω model 
o RD_05 – Six-equation Baseline Reynolds stress model (BSLRSM) 
 Sensitivity on boundary conditions: 
o RD_06 – Wall roughness included (16 μm) 
o RD_07 – Wall roughness included (16 μm) & two-equation k-ε 
turbulence model 
o RD_08 – Fully developed inlet flow 
 Reverse on physical condition: 
o RD_09 – Partial occlusion of strainer cylinder; steady-state solver 
o RD_10 – Partial occlusion of strainer cylinder; transient solver 
A conservative assumption has been made for the wall roughness since the 
imposed value (16 μm) is the upper limit of the values indicated in the reference 
drawings. 
The conservative assumption of holes occlusion in the cylindrical region of the 
strainer cylinder simulates the effect of possible debris of the steel membrane 
following his rupture. Both steady-state and transient analyses have been carried 
out because of the bad convergence obtained by the former. 
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6.3.1.4 Obtained CFD Results 
Performed calculations generally show a good convergence performance, as an 
example, the root mean square normalized values of the equation residuals of 
momentum and mass conservation equations dropped below 2*10
-7
 in the 
reference simulation RD05_100; moreover the velocity field appears practically 
stabilized after 200 iterations only. 
The 15 calculations showed similar convergence behavior, however some minor 
difference occurs in the stabilization of turbulence equation residuals. 
6.3.1.4.1 Velocity and Pressure Fields 
As an example, Fig. 134 shows the three-dimensional flow field of the RD03_020 
calculation: 3D streamlines (a) and velocity vectors (b) are plotted, both of them 
being colored by velocity magnitude. As can be easily seen, the larger velocity 
values occur into the burst insert holes; moreover a big recirculation region 
appears between burst insert and strainer cylinder in the region near the solid wall 
of the flange. 
For a deeper understanding of the three-dimensional flow field, a qualitative 
comparison between the pressures obtained by the calculations RD03_020, 
RD04_020 and RD05_020 (20 kg/s inlet mass flowrate, three different grids) is 
plotted in Fig. 135. The pressure scale in the plots represents the “relative 
pressure” with respect to the domain outlet boundary, and must not be read as an 






Fig. 134 – RD05_020 results: 3D streamlines (a) and velocity vectors (b) 
The chart in Fig. 135-a shows the relative pressure along the longitudinal axis; the 
three curves show very similar shapes except for the axis part within the burst 
insert hole (from about 220 to 280 mm), which shows different curve deflection 
depending on the adopted grid. This mismatch can be related to the near-wall 
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mesh density, which depends on the different level of grid refinement near the solid 
boundaries. 
The different pressure at the beginning of the curves depends on the differences in 
the overall pressure losses predicted with the three grids. 
Moreover, the chart in Fig. 135-b tries to put in evidence the three-dimensionality of 
the pressure field: the curves represent the pressure values along the streamlines 
plotted in Fig. 134-a (one streamline for each hole in the burst insert). The three 
families of curves are in good agreement each other; however they show the same 
different deflection as the curves of Fig. 135-a. It is worth noting the two distinct 
levels of pressure assumed by the curves in the region of the strainer cylinder 
(from about 290 to 390 mm); streamlines located in the region outside the cylinder 
provides larger values, while the pressure suddenly drops to a lower value when 






Fig. 135 – Comparison between RD03_020, RD04_020 and RD05_020 results: 
relative pressure along the central axis (a); relative pressure along  
3D streamlines (b); computational domain (c) 
6.3.1.4.2 Pressure Losses 
The performed CFD analyses focused on the evaluation and assessment of the 
pressure losses affecting the borated heavy water flowing through the RDD during 
FBI scenario. 15 steady-state calculations were set-up using the developed 
computational grids and imposing different mass flowrate values. Since the areas 
University of Pisa - 218 - April 2011 
 
Page 218 of 282 – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Terzuoli Fulvio 
of inlet and outlet surfaces are equal, the pressure loss coefficient k can be defined 
as shown in Eq. 18, where ∆P is the calculated pressure drop between inlet and 
outlet boundaries, ρ is the fluid density, while A, v and Q are the surface, the 


























The pressure loss coefficients calculated by means of the equation above are 
reported in Tab. 48, while the chart in Fig. 136 shows the obtained coefficients as 




Pressure Loss Coefficient Max Relative 
Difference RD03 RD04 RD05 Average 
5 4.64 4.99 4.92 4.85 4.3% 
20 4.38 4.62 4.53 4.51 2.8% 
40 4.28 4.53 4.41 4.41 2.9% 
60 4.24 4.49 4.35 4.36 2.9% 
100 4.19 4.43 4.29 4.30 3.0% 
Overall Average 4.35 4.61 4.50 4.49 3.1% 
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Fig. 136 – Pressure loss coefficient as function of imposed inlet mass flowrate. 
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The code predicts larger values at low mass flowrate; while the deflection of the 
curves decreases at higher flowrate. The average coefficient over all the 
calculations gives a value of 4.49, while the average over the results of the finer 
grid (RD05) gives a value of 4.50. Moreover, the code predicts larger pressure 
losses at low mass flowrate and vice versa, however the effect of considered range 
of mass flowrate values on loss coefficient is less than 10%. 
6.3.1.4.3 Sensitivity Analyses 
As mentioned in Section 6.3.1.3.3, the following additional simulations (based on 
the reference calculation RD05_100) have been performed in order to put in 
evidence the sensitivity of results on numerical settings and boundary conditions: 
 Sensitivity on numerical settings: 
o RD_01 – Double Precision” solver 
o RD_02 – “High Resolution” numerical scheme 
 Sensitivity on turbulence modeling: 
o RD_03 – Two-equation k-ε model 
o RD_04 – Two-equation k- ω model 
o RD_05 – Six-equation BSLRSM 
 Sensitivity on boundary conditions: 
o RD_06 – Wall roughness included (16 μm) 
o RD_07 – Wall roughness included (16 μm) & k-ε turbulence model 
o RD_08 – Fully developed inlet flow 
 Reverse on physical condition: 
o RD_09 – Partial occlusion of strainer cylinder holes; steady-state 
o RD_10 – Partial occlusion of strainer cylinder holes; transient 
The obtained pressure loss coefficients and the relative differences with respect to 
the reference calculation, are listed in Tab. 49. The sensitivity of obtained results 
on considered numerical settings and turbulence modeling is the same order of 
magnitude of the grid effect (see Section 6.3.1.4.2). The assumption of High 
Resolution numerical scheme and six-equation Reynolds stress model provide 
lower pressure loss. 
The developed flow at the inlet boundary causes negligible effect (relative 
difference less than 1%), while wall roughness is the most sensitive parameter 
since it increases the pressure loss up to 12% (a conservative value of 16 μm was 
taken into account according to the information in the reference drawings) 
The 63% higher pressure drop obtained taking into account the conservative 
assumption of holes occlusion in the cylindrical region of the strainer cylinder can 
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RD05_100 reference 4.29 - 
Sensitivity on numerical settings 
RD_01 Double Precision 4.29 0.0% 
RD_02 High Resolution 4.07 -5.0% 
Sensitivity on turbulence modeling 
RD_03 k-ε 4.32 +0.7% 
RD_04 k-ω 4.45 +3.9% 
RD_05 BSLRSM 4.26 -0.6% 
Sensitivity on boundary conditions 
RD_06 wall roughness 4.76 +11.2% 
RD_07 wall roughness; k-ε 4.82 +12.4% 
RD_08 developed inlet flow 4.25 -0.9% 
Sensitivity on physical conditions 
RD_09 partial occlusion; s-s 6.95 +62.1% 
RD_10 partial occlusion; tr 6.97 +62.7% 
Tab. 49 – Results from sensitivity analysis on Rupture Disk pressure. 
6.3.1.5 Validation against Experimental Data from Atucha-I Rupture Disk 
In order to validate the results of the previous Section, a new CFD model was 
developed to model the CNA-1 RDD, for which experimental results are available. 
Topological similarity with the previous CNA-2 model was pursued. Some 
information crucial to the development of the grid and to the set-up of the CFD 
calculations was missing or difficult to read from the available documentation, 
hence several assumptions were made in order to completely define the problem. 
Eight base calculations with different working fluid and inlet velocities were set-up 
for validation purposes. Moreover, twelve additional sensitivity analyses were 
performed to provide information on the influence of the uncertainties introduced by 
the assumptions made. 
6.3.1.5.1 Experimental Test and Available Data 
The experimental test document describes the tests performed for the assessment 
of the pressure drop through the RD before 29/06/1971 in order to determine the 
pressure loss through the RD. The document is written in German and the printing 
quality is rather poor, so there have been some difficulties in reading part of the 
text and some figures. 
The test facility is shown in Fig. 137, where the RD is highlighted. It consists in a 
long series of pipes of different diameter, installed upstream and downstream of 
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the RD, where pressure is measured with U manometers at stations shown in the 
figure. The test fluid (water or air) is driven through the system in order to measure 
the pressure drop between the two stations adjacent to the RD. 
Several tests were performed in order to study the behavior of the flow through the 
RD after the break of the steel membrane: 
 single test with air and volumetric flow rate of 380 m
3
/h; 
 series of tests with air studying the influence of the channels Reynolds 
number in the range 3.000 ≤ Rech ≤ 16.000; 
 series of tests with water studying the influence of the channels Reynolds 
number in the range 7.000 ≤ Rech ≤ 17.000; 
 series of tests with closed strainer holes studying the influence of holes 
occlusion. 
The occlusion tests were performed in order to study the influence of covered holes 
in the case of steel membrane debris blocking the flow through some holes. 
No tests were performed at the actual Reynolds number (water volumetric flow rate 
of 212 m
3
/h with Rech > 10
5
) since the apparatus was not designed for such 
performance. 
Results from the tests are given in a poor quality form, as showed in Fig. 138. 
 
 
Fig. 137 – Experimental Facility. 
 
Fig. 138 – Experimental Result as a Function of Reynolds Number. 
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6.3.1.5.2 Lack of Information and Related Assumptions 
Some information crucial to the development of the grid and to the set-up of the 
CFD calculations was missing or difficult to read from the document. Thus some 
assumptions on geometry and flow parameters had to be made. The most relevant 
from were: 
 Inlet diameter: mismatch between reference drawing and test document, 
the first value was assumed for the calculations since it comes from the 
actual drawing; 
 Number of channels in the Burst Insert: the exact number is not clearly 
readable in the test document (one hundred and seventy …). Three 
different geometries were studied: 171, 179 and 199 (as CNA-2) channels; 
 Occlusion tests: no exact information on which holes were closed, 
however, since the flow pattern change strongly along the strainer cylinder, 
the pressure drop is strongly influenced by the closed holes location. For 
this reason it was decided not to include the occlusion study in the 
validation process; 
 Channels Reynolds Number: there is no detailed information on how the 
Reynolds number is calculated, therefore the Reynolds number have been 
calculated both with the mean velocity in the burst insert and the diameter 




















Re     Eq. 20 
 Pressure measurements: it is not clear if the U-manometers in the test 
apparatus measured static or total pressure, for this reason both static and 
total loss factors have been analyzed. 
 Air inclusion in water test: water tests show a higher pressure drop 
compared to air for the same Reynolds number. The document explains 
that entrapped air bubbles in the flow may be the reason for such behavior. 
The relative air content in the water decreases with increasing mass flow 
rate, at the same time the gap between the two fluids narrows. On the 
other hand no information is available about such air inclusions and 
therefore cannot be accounted for in the CFD calculations 
 Inlet and boundary conditions: information on turbulence intensity and 
velocity distribution at the inlet is not given, as well as wall roughness. 
6.3.1.5.3 Development of CFD Models for CNA-I Rupture Disk 
The RDD used in CNA-1 differs from that used in CNA-2 only for some geometrical 
values, for this reason the computational domain can be assumed to be exactly the 
same as described in Section 6.3.1.2.1, however a new computational grid needs 
to be developed. 
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In order to validate the CFD model developed for CNA-2 calculations, the grid for 
CNA-1 was developed to be topologically similar, i.e. same mesh size, growing 
factors and near-wall elements. 
The CNA-1 mesh is generated using the Octree volumetric meshing algorithm 
available in ICEM CFD, while the CNA-2 mesh had been generated with the 
Smooth method (Ref. [56]). This has led to some minor differences in mesh 
distribution over the entire volume, namely a smoother transition from surface 
elements to inner volume elements. Moreover, a higher number of computational 
nodes is obtained for a given surface element size. For these reasons it was 
difficult to obtain exactly the same size of mesh elements, with the CNA-2 version 
having surface elements starting size around 50% bigger than the older version. 





171 ch 199 ch 199 ch 
Prism Layer [mm] 1.5 1.5 1 
First Prism [mm] ~0.32 ~0.32 ~0.21 
# Elements [x10
6
] 1.3 1.4 1.3 
→ Tetrahedra 10.3 10.7 7.8 
→ Prism 1.9 2.0 3.7 
# Nodes [x10
6
] 2.9 3.0 3.4 
Tab. 50 – CNA-1 RDD grid: Comparison of relevant parameters against CNA-2 
RDD grid. 
6.3.1.5.4 Set-up of Steady-state Simulations for CNA-I Rupture Disk 
The aim of the CFD simulations is to reproduce the experimental tests in terms of 
pressure drops and pressure loss coefficients for the validation process. The 
experimental tests chosen for the comparison were: 
 single air test with a volumetric flow rate of 380 m
3
/h; 
 series of tests with air studying the influence of Reynolds number; 
 series of tests with water studying the influence of Reynolds number. 
The simulations were performed using the computational grid mentioned above 
and the CFD package ANSYS CFX 11.0. Performed calculations used the same 
general setting as those used for CNA-2 RDD simulations, as described in Section 
6.3.1.3.1. 
Eight steady-state CFD calculations were set-up (four for air and four for water) 
imposing different inlet velocities, in order to compare the results for different 
Reynolds numbers, as reported in Tab. 51. The reference values of density and 
dynamic viscosity for water and air at ambient temperature were taken into account 
in the working fluid settings. 
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For the first and last case, the inlet velocity is calculated from the respective 
volumetric flow rate value, while the other cases are chosen in order to obtain 
values of the Reynolds number in the range given in the test document. 
Moreover, several sensitivity analyses were performed in addition to the 
calculations above, so as to provide information on the influence of some relevant 












RD1a.0 Air 25.2893 12.7 
RD1a.1 Air 10 5.0 
RD1a.2 Air 20 10.0 
RD1a.3 Air 50 25.1 
RD1w.1 Water 1 8.7 
RD1w.2 Water 2 17.4 
RD1w.3 Water 3 26.1 
RD1w.4 Water 14.3749 125.1 
Tab. 51 – Relevant parameters of reference calculations. 
Based on the reference calculation RD1a.0, the following sensitivity analyses are 
performed: 
 Sensitivity on geometry: 
o RD1a.0_1 – 199 Burst Channels 
o RD1a.0_2 – 179 Burst Channels 
o RD1a.0_3 – 171 Burst Channels with different holes locations 
 Sensitivity on boundary conditions: 
o RD1a.0_4 – wall roughness included (16 μm) 
o RD1a.0_5 – low (1%) inlet turbulence intensity 
o RD1a.0_6 – high (10%) inlet turbulence intensity 
 Sensitivity on turbulence modeling: 
o RD1a.0_7 – k - ε turbulence model  
o RD1a.0_8 – k - ω turbulence model 
o RD1a.0_9 – six-equation BSLRSM 
 Sensitivity on air compressibility: 
o RD1a.0_10 – air as ideal gas 
 Sensitivity on numerical settings 
o RD1a.0_11 – Fixed Blend (0.2) advection scheme 
o RD1a.0_12 – HR (High Resolution) advection scheme 
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Since in some regions velocities are above 100 m/s, the Mach number can locally 
exceed 0.3. The effect of compressibility should be addressed, for this reason a 
simulation with air as an ideal gas including the energy equation has been run. 
The sensitivity on numerical settings include two cases: a fixed blend factor model 
(20% second order, 80% upwind) and the High Resolution advection scheme, 
which locally blends between an upwind and a second order scheme depending on 
local gradients of selected variables. 
6.3.1.5.5 Obtained CFD Results 
All the reference calculations show similar qualitative results as those for the RDD 
of CNA-2, described in Section 6.3.1.4. 
The target variable for comparison against experimental data is the pressure loss 
coefficient of the RDD. The total pressure drop is chosen to evaluate the loss factor 
k, however both static and total loss factor are evaluated in order to compare both 
results with experimental data. In particular the loss factors are calculated as the 
ratio between the average pressure drop (static or total) from inlet and outlet and 





















X  Eq. 22 
 












RD1a.0 5.8 3.49 4.4 2.63 
RD1a.1 0.9 3.70 0.7 2.83 
RD1a.2 3.4 3.52 2.8 2.66 
RD1a.3 22.4 3.43 16.8 2.57 
RD1w.1 7.8 3.55 5.9 2.68 
RD1w.2 30.4 3.46 22.8 2.60 
RD1w.3 67.8 3.42 50.8 2.56 
RD1w.4 1517.1 3.34 1127.9 2.48 
Tab. 52 – Reference calculations: pressure losses. 
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The loss factor (both static and total) is decreasing with increasing Reynolds 
number as expected. In Fig. 139 the total and static loss factors are plotted against 
the burst channel Reynolds number. The two curves (for air and water) nearly 
overlap for the same Reynolds numbers. 
 
Fig. 139 – Calculated loss factors as function of Reynolds Number 
Tab. 53 report the calculated loss factor based on the total pressure drop as well 
as the relative comparison against the reference calculation RD1a.0. 
As expected the loss factor decreases with increasing number of holes because of 
a reduced area contraction through the burst insert. While the difference between 
the 199 holes and the reference case is quite big (~12%) the influence on the holes 
location is almost irrelevant (less than 2%) even if the flow structure has quite 
changed. 
The calculated loss factors for the low and high intensity turbulence at the inlet 
show a slight growth of the pressure losses with increasing inlet turbulence 
intensity, however this contribution is practically negligible compared to other 
sources of uncertainties. 
As expected, wall roughness contributes to slightly increase the pressure loss 
(+4.5%), as well as the different turbulence modeling considered (<4%). 
Since in the case of an incompressible fluid without heat exchange the temperature 
should be constant through the entire domain, a good indicator of the 
compressibility of the flow is the temperature field. Result of the calculation 
including compressibility effect shows small differences with respect to the 
reference value of 25°C (the temperature ranges from 18°C to 25°C), suggesting 
that the thermal field is nearly unaffected by the velocity field. The calculated loss 
factor is close to the reference value (-0.6%), thus showing that the air 
compressibility can be neglected in this case. 
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The adoption of second order advection schemes leads to convergence problems, 
showing pressure oscillation as high as 5% relative value and hence the results 
should be carefully used. Obtained results show quite a large sensitivity to the 
advection scheme. 
In particular, the High Resolution case returns a value of the loss factor well below 
the reference case, suggesting a possible overestimation of the calculated loss 
factor due to the numerical enhanced diffusive phenomena connected to the use of 
a first order advection scheme. However such result should be handled with care 









RD1a.0 reference 2.63 - 
Sensitivity on numerical settings 
RD1a.0_1 199 Burst channels 2.30 -12.4% 
RD1a.0_2 179 Burst channels 2.52 -4.0% 
RD1a.0_3 different channel location 2.58 -2.0% 
Sensitivity on boundary conditions 
RD1a.0_4 16 μm wall roughness 2.75 +4.5% 
RD1a.0_5 1% inlet turbulence 2.62 -0.6% 
RD1a.0_6 10% inlet turbulence 2.65 +0.8% 
Sensitivity on turbulence modeling 
RD1a.0_7 k-ε 2.66 +1.0% 
RD1a.0_8 k-ω 2.64 +0.5% 
RD1a.0_9 BSLRSM 2.73 +3.9% 
Sensitivity on air compressibility 
RD1a.0_10 Ideal air 2.61 -0.6% 
Sensitivity on numerical settings 
RD1a.0_11 Fixed Blend factor (0.2) 2.58 -2.1% 
RD1a.0_12 High Resolution 2.39 -9.1% 
Tab. 53 – Sensitivity analyses: pressure loss factor. 
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6.3.1.5.6 Comparison against Experimental Data 
The validation of the results is made through the comparison with the loss factor 
obtained from the experimental tests report. Fig. 140 gives the evaluation of 
experimental results for the single air test. 
The ξ value (overall loss factor) given in the graph is calculated from the pressure 
loss between stations 3 and 4. The value ξ’ (concentrated loss factor of the RD) is 
obtained subtracting the friction losses extrapolated from the previous and 
following duct sections. 
 
 
Fig. 140 – Single Air Test Results. 
In order to compare the results obtained by the CFD analysis with the experiments 
it is necessary to calculate the loss factor ξ*, both concentrated and friction related, 
relative to the actual length of the developed geometry. Assuming that the friction 









LMODEL  Eq. 23 
 
Where the L3-4 value is taken from Fig. 137. 
Tab. 54 shows the final comparison between the reference case RD1a.0 and the 
experimental result for the single air test. 
 
April 2011 - 229 - University of Pisa 
 
Terzuoli Fulvio – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Page 229 of 282 
Experimental 









2.52 3.49 +38.6% 2.63 +4.4% 
Tab. 54 – Comparison against single air test. 
The huge relative error connected to the static pressure drop suggests that the 
comparison should be taken with the total pressure drop. The agreement between 
calculated loss factor and experimental results is quite good. The actual error can 
probably be further reduced if the enhanced numerical diffusivity due to the first 
order advection scheme is taken in to account. 
As regards the Reynolds influence study for both water and air, experimental 
results are given as graphs (see Fig. 138) showing the overall loss factor ξ. These 
values are relative to the pressure drop between station 3 and 4 and again are not 
directly comparable with the values obtained from CFD calculations. Unfortunately 
in this case the concentrated loss factors ξ’ are not available. An approximated 







base''  Eq. 24 
 
The influence of the friction losses decrease with increasing Reynolds number, so 
Eq. 24 returns higher (lower) values for cases at lower (higher) Reynolds numbers 
with respect to the base case. For these reasons the previous approach is not 
feasible anymore and since friction losses are the minor part of the overall losses 
(less than 5%), it was decided to make a direct comparison between experimental 
overall loss factor ξ and calculated loss factors ktot. 
Fig. 141 shows the comparison for the validation study. The relative error ranges 
from 2.0% to 5.8% for air tests and from 0.8% to 3.7% for water tests. While 
experimental tests for water and air are quite different for equal Reynolds numbers, 
the calculated values nearly overlap; this behavior is probably due to the air 
inclusion in the water tests mentioned in Section 6.3.1.5.2. 
A different trend can be found in the presence of an asymptotic behavior for the air 
experimental case that is missing in calculated results. This difference is most 
probably connected to the wall roughness, which plays an increasing relevant role 
for growing Reynolds numbers, while it is not systematically considered in the 
calculations (it is accounted for in a sensitivity analysis only). 
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Fig. 141 – Comparison against experimental values at different Reynolds number. 
6.3.1.6 Conclusions on Pressure Loss Calculation of Rupture Disk 
Performed CFD analyses focused on the evaluation and assessment of the 
pressure losses which affect the borated heavy water flowing through the RDD 
during the FBI scenario. Three detailed CFD grids representing the fluid domain 
within the RDD were developed taking into account the most relevant geometrical 
features, such as the holes in the burst insert and in the strainer cylinder. The 
resulting meshes were relatively large in terms of computational nodes, so as to 
take advantage of the parallel computing resources available at UNIPI. Fifteen 
steady-state CFD analyses were set-up using the three computational grids and 
imposing five different mass flowrate values chosen within the variation range 
identified by a previously performed RELAP analysis of the JDJ system 
intervention. 
Obtained results provide an average value of 4.49 for the pressure loss coefficient 
of the RDD, while the average over the reference (finer) grid results gives a value 
of 4.50. The grid effect on pressure loss is lower than 3% in all simulations but the 
one at lower mass flowrate (4.30%), so the mesh-independency of results was not 
yet obtained. The code predicts larger pressure losses at low mass flowrate and 
vice versa, however the effect of mass flowrate on loss coefficient is less than 10% 
in the considered range of variation. 
Moreover, ten additional calculations were performed so as to provide information 
on the influence of some relevant boundary condition and numerical setting on 
CFD results. The sensitivity of calculated pressure loss on considered numerical 
settings and turbulence modeling is the same order of magnitude of the grid effect 
(relative difference less than 5%), while wall roughness is the most sensitive 
parameter since it increases the pressure loss up to 12% taking into account a 
conservative value of 16 μm. 
A conservative assumption for strainer cylinder holes occlusion caused by broken 
membrane debris was made; the resulting pressure loss coefficient (6.97) was 63% 
higher with respect to the reference calculation. This value can be considered as 
an upper bound from a physical point of view. 
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In order to validate the above results, a new CFD model was developed to model 
the CNA-1 RDD, for which experimental results are available. Topological similarity 
with the previous CNA-2 model was pursued. Some information crucial to the 
development of the grid and to the set-up of the CFD calculations was missing or 
difficult to read from the available documentation, hence several assumptions were 
made in order to completely define the problem. Eight base calculations with 
different working fluid and inlet velocities were set-up for validation purposes. 
Moreover, twelve additional sensitivity analyses were performed to provide 
information on the influence of the uncertainties introduced by the assumptions 
made. 
The convergence behavior of the calculations was acceptable if the first order 
upwind scheme is used. This probably leads to some over prediction of the loss 
factor due to the numerical diffusivity introduced. However, the comparison with 
experimental data shows quite a good agreement with relative error below 5% for 
most of the cases. 
The sensitivity to the number of burst insert channels is quite strong; therefore the 
assumption made on this parameter should possibly be checked. The advection 
scheme shows also a relatively strong influence on the loss factor. Normally, the 
use of higher order schemes will decrease the calculated pressure drop leading to 
a better match with experimental results; however, in this case such choice is not 
advisable due to a poor convergence behavior. 
6.3.2 Calculation of the Pressure Losses through the Injection Lance 
The objective of the present Section is to calculate, by means of CFD techniques, 
the pressure drop through the injection lance of the JDJ system for different 
flowrates. 
The injection lance is the most downstream component of the boron injection 
system and is known to contribute noticeably to the overall pressure drop, thus 
playing a role in governing the injection flowrate during any transient involving the 
JDJ system intervention. Since a smaller flowrate means a larger delay before the 
borated solution reaches the moderator, actually the pressure drop though the 
lance affects to some extent the effectiveness of the JDJ system. 
The results obtained with the present calculations had to be utilized, with proper 
uncertainty margins, for defining a pressure loss coefficient for the injection lance 
to be implemented in system code nodalizations for safety analyses purposes. 
6.3.2.1 Description of the Injection Lance 
A description of the injection lance features can be found in Section 6.1. 
6.3.2.2 Development of CFD Models for the Injection Lance 
6.3.2.2.1 Identification of the Computational Domain 
The computational domain selected for the CFD model of the injection lance 
consists of the fluid domain contained in the lance interior and of an arbitrary open 
volume which surrounds the lance. In the real plant, the lance is inserted into the 
moderator tank and surrounded by the coolant channels (the closest ones are a 
few centimeters distant), which obviously affect the flow field. However preliminary 
University of Pisa - 232 - April 2011 
 
Page 232 of 282 – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Terzuoli Fulvio 
work on CFD model had shown that the pressure field outside the lance is not 
appreciably affected by the channels and is practically equalized. This justifies the 
adoption of an arbitrary volume and the neglecting of the coolant channels for the 
purpose of calculating the p through the lance. 
One of the computational meshes was prepared using a reduced domain which 
included only one 90°-sector, identified by the two longitudinal symmetry planes. 
The domain has the following boundaries (for application of boundary conditions): 
 Inlet (corresponding to lance flange, just above the RPV head) 
 Outlet (the three surfaces which define the large volume surrounding the 
lance) 










Fig. 142 – Computational domain 
6.3.2.2.2 Development of 3D CAD Models 
A 3D CAD model was developed for the injection lance, taking into account all the 
geometrical features and the smallest details, as showed in Fig. 143. 
6.3.2.2.3 Development of Computational Grids 
Several grids were developed, in order to assess the sensitivity of the results upon 
the mesh size and possibly achieve the mesh-independence as recommended by 
the Best Practice Guidelines (Ref. [11]) The package ANSYS ICEM-CFD v11 (Ref. 
[56] was utilized for the purpose. 
The most relevant information about the developed grids is reported in Tab. 55. All 
meshes except IL.0 are made of tetrahedral elements and have been provided with 
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layers of prisms close to the walls in order to improve the near-wall turbulence 
treatment. Moreover, all meshes are based on the whole computational domain 
described above, except for the grid IL.3, whose domain is reduced to 1/4
th
 of the 
entire domain via the two symmetry planes. 
 
 
Fig. 143 – Injection lance: 3D CAD model subdivided in 3 sections. 
Fig. 144 shows the cross sectional views (a) and some details (b) of the most 
relevant grids. The adoption of different mesh sizes in different zones is evident; 
the selected refinement was based on previously performed injection tests. 
Finally, grid IL.2 was obtained adopting the mesh adaption algorithm, which 
automatically detects the regions where the solution gradients are higher and then 
refines the grid in those regions. This selective automatic refinement is expected to 
bring an improvement in the results accuracy and does not require spending further 













IL.0 0.3 1.6 coarse, no prism layers 
IL.1 2.5 9.9 Reference 
IL.2 5.1 20.6 based on IL.1, mesh adaption 
IL.3 1.2 (4.8) 5.5 (22.0) 1/4
th
 computational domain 
Tab. 55 – Main features of the developed grids. 
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Fig. 144 – Developed Grids: cross section views (a) and detail (b) for the grids IL.0, 
IL.1 and IL.3 (from the top). 
  
(a) (b) 
Fig. 145 – Effects of mesh adaption algorithm: reference grid IL.1 (a) and the 
refined grid IL.2 (b) 
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6.3.2.3 Set-up of CFD Simulations of Injection Lance Flows 
The aim of CFD simulations was to evaluate the pressure losses affecting the 
borated heavy water flowing through the injection lance during the Fast Boron 
Injection (FBI, or JDJ according to German notation) system intervention. 
The simulations were performed using the computational grids described above, 
and the CFD package ANSYS CFX 11.0. 
Several sensitivity calculations were performed, so as to provide information on the 
influence of selected boundary conditions and numerical settings. 
6.3.2.3.1 General Modeling Choices 
The following settings were adopted for the reference calculations: 
 Working fluid: heavy water: 
o Temperature: 373 K (only relevant to calculate the following properties) 
o Density: calculated from temperature-dependent correlation 
o Dynamic Viscosity: calculated from temperature-dependent correlation 
 Field equations solved: 
o Mass balance (Continuity) 
o Momentum balance (Reynolds-averaged Navier-Stokes equation) 
o Transport of turbulent kinetic energy (k) 
o Transport of turbulent eddy frequency (ω) 
 Steady-state solver 
 “High Resolution” discretization scheme for advection terms 
The turbulence was accounted for with the k-ω based Shear Stress Transport 
(SST) model, and the related “Automatic” near-wall treatment available in CFX was 
adopted. 
The reference pressure was set to an arbitrary value instead of the actual operation 
range of values. This setting does not affect the accuracy or the realism of the 
results in any way, because of the incompressibility of flow together with the 
absence of buoyancy effects, which make relevant the pressure differences only. 
Based on UNIPI experience and common best practice in CFD analysis of 
industrial-scale problems, a convergence criterion based on the following two 
conditions was applied to all performed calculations: 
 The Root Mean Square (RMS) normalized values of the equation residuals 
must drop by at least 4 order of magnitude, and possibly the asymptotic 
region is reached 
 The flow fields (velocity, pressure, temperature fields etc.) must be 
stabilized 
A systematic use of parallel computing was made in order to handle computational 
grids having up to several million cells. Eight to sixteen processors were used for 
each parallel calculation. 
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6.3.2.3.2 Boundary Conditions 
The following boundaries have been imposed to the computational domain: 
 Inlet: 
o velocity: 10m/s (uniform profile) 
o turbulence intensity: 5%, (CFX default value)  
o eddy viscosity ratio: 10, (CFX default value) 
 Outlet: “outlet” pressure-controlled condition available in CFX (Ref. [44]) 
 Symmetry planes (for grid IL.3 only): symmetry conditions 
 Walls: 
o No-slip condition 
o “Automatic” or “scalable” turbulence wall treatment (associated with 
SST and k- ε turbulence models respectively) 
6.3.2.3.3 Performed Calculations and Sensitivity Analyses 
An overall number of thirteen CFD calculations were performed. A simulation 
adopting the reference setup was run for each grid: 
 Reference setup: 
o IL.0.0 – Coarse, no prism layers  
o IL.1.0 – Reference grid 
o IL.2.0 – based on IL.1, mesh adaption  
o IL.3.0 – 1/4
th
 computational domain 
Adopting the reference grid IL.1, a first group of seven sensitivity analyses were 
setup as follows: 
 Sensitivity on numerical settings: 
o IL.1.1 – first order discretization scheme (Upwind) 
 Sensitivity on turbulence modeling: 
o IL.1.2 – k - ε turbulence model 
o IL.1.3 – six-equation BSLRSM 
 Sensitivity on inlet velocity: 
o IL.1.4 – 1 m/s 
o IL.1.5 – 5 m/s 
o IL.1.6 – 20 m/s 
o IL.1.7 – 30 m/s 
Finally, two additional calculations were run in order to investigate the effect of the 
wall roughness. The adopted grid was IL.3.0 (1/4
th
 computational domain): 
 Sensitivity on wall roughness: 
o IL.3.1 – 10 μm 
o IL.3.2 – 50 μm 
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6.3.2.4 Obtained CFD Results 
The CFD results were compared in terms static pressure difference p between 
the “inlet” and “outlet” boundaries. The pressure loss coefficient is calculated from 



















 Eq. 25 
 
Where  is the water density, v  is the mean velocity at the lance inlet, A is the inlet 
flow area and m  is the mass flow rate. 
6.3.2.4.1 Velocity and Pressure Fields 
Fig. 146 shows a plot of some streamlines starting from the inlet boundary and 
flowing through the domain, thus providing a picture of the injection flow shape. 
A plot of velocity vectors is reported in Fig. 147, showing a detailed view of the 
zone where the external pipe ends. It is worth noting the relevant recirculation 
regions appearing inside the holes, which are connected to the mesh refinement 
provided by the mesh adaption approach in this regions. 
 
 
Fig. 146 – Velocity field: streamlines. 
University of Pisa - 238 - April 2011 
 
Page 238 of 282 – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Terzuoli Fulvio 
 
Fig. 147 – Velocity field: vectors at lance holes. 
6.3.2.4.2 Pressure Losses and Sensitivity Analyses 
Since no experimental information is available for comparison, the results are 
reported in terms of relative difference with respect to the reference calculation. 
A check was made on the non dimensional distance of the first cell node from the 
wall (y+), averaged over the wall boundaries. Such parameter ranged between ~10 
to ~275 except for the calculation with the coarse grid IL0.0. These values are 
consistent with the limits for a correct application of the log-law based turbulence 
wall treatment. 
The results obtained from the calculations adopting the reference setup together 
with each grid are listed in Tab. 56. The finest grid (IL.3.0) calculates almost the 
same pressure loss as the reference (IL.1.0) and as the coarse ones (IL.0.0), 
therefore the mesh independence can be considered practically achieved. Larger 
pressure loss are calculated when adopting the automatic mesh adaption 
algorithms; however a very poor convergence was associated with this calculation, 









IL.0.0 coarse 3.48 +1.5% 
IL.1.0 Reference 3.43 - 
IL.2.0 mesh adaption 3.64 +6.1% 
IL.3.0 1/4
th
 domain 3.44 +0.3% 
Tab. 56 – Lance pressure losses calculated with reference setup. 
Tab. 57 lists the results obtained from the first group of sensitivity analyses, based 
on the reference grid IL.1. 
The use of the 1
st
 order scheme (Upwind) leads to ~19% larger pressure loss. 
Moreover, the adoption of different turbulent models appears to noticeably affect 
the code predictions; both considered model predict a quite larger pressure loss. 
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Pressure drop coefficient variation is less than 5% for velocity values in the range 
between 10 to 30 m/s, therefore the pressure difference can practically be 
assumed proportional to the square velocity in such range. As expected, the non 









IL.1.0 Reference 3.43 - 
Sensitivity on numerical settings 
IL.1.1 1
st
 order – Upwind 4.09 +19.2% 
Sensitivity on boundary conditions 
IL.1.2 k - ε 3.52 +2.6% 
IL.1.3 BSLRSM 3.72 +8.5% 
Sensitivity on inlet velocity 
IL.1.4 1 m/s 3.97 +15.7% 
IL.1.5 5 m/s 3.55 +3.5% 
IL.1.6 20 m/s 3.33 -2.9% 
IL.1.7 30 m/s 3.28 -4.4% 
Tab. 57 – Lance pressure losses: results from 1
st
 group of sensitivity analysis. 
Finally. the sensitivity of results upon the wall roughness is shown in Tab. 58. A 
~10% increase is predicted when a 10μm wall roughness is assumed instead of 
smooth walls; the increase reaches ~25% when 50μm is taken into account, thus 
highlighting the role of a correct setup of its value.  
A check was made that the imposed roughness values are not greater than the 









IL.3.0 Reference 3.44 - 
IL.3.1 10 μm 3.77 +9.6% 
IL.3.2 50 μm 4.27 +24.1% 
Tab. 58 – Lance pressure losses: sensitivity on wall roughness. 
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6.3.2.5 Conclusions on Pressure Loss Calculation of Injection Lance 
CFD models were developed and used to calculate the pressure losses through 
the injection lance of the JDJ system, with the purpose of supporting thermo-
hydraulic system code analyses.  
Several meshes were developed and tested, and the results obtained showed that 
the grid convergence could be practically achieved with the reference grid. 
The effect of considered sensitivity parameters and modeling features was also 
analyzed, such as the turbulence model, the discretization scheme of advection 
terms and the wall roughness, thus providing information on the uncertainties 
affecting the calculated results. 
In particular, it is advisable to increase the reference results to account for the 
uncertainty associated with the turbulence modeling (~9 %) and for the effect of the 
wall roughness. 
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6.4 RELAP5 Simulation of FBI System Intervention 
In order to provide boundary conditions for the CFD simulation of the boron 
injection, a RELAP5 model was developed by UNIPI specialists, representing the 
injection system from the pressurized air tank down to the ambient downstream of 
the boron lance (i.e. the MT, modeled with a time-dependent volume). 
The concentrated pressure losses induced by the RDD and by the Injection Lance 
have been modeled basing on the CFD assessment studies described in Section 
6.3.1 and in Section 6.3.2 respectively. 
The scenario assumed for the reference RELAP5 calculation is a “2A” break LOCA 
without intervention of control rods. Such TH-SYS analysis is documented in Ref. 
[70]. Only the information relevant to the set-up of CFD calculations is provided 
hereafter. In all plots and tables, the starting time (t=0 s) corresponds to the 
initiating event (2A break on one cold leg). 
Fig. 148 shows the evolution of the MT pressure during the transient, as results 
from previous RELAP5 calculations for the same postulated scenario. Such 
pressure time history was then used as a boundary condition for the RELAP5 
model of the injection system. This is one of the main parameters which govern the 
injection flowrate, along with the pressure losses encountered by the fluid, 




Fig. 148 – Time history of pressure in MT (RELAP5 – UNIPI). 
The injection velocity and mass flowrate resulting from the RELAP5 calculation are 
plotted in Fig. 149. The correspondence between velocity and flowrate is made 
assuming the heavy water density at ambient temperature (20 °C), i.e. 1108 kg/m
3
. 
This result constitutes a boundary condition for CFD analyses of boron injection. 
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Fig. 149 – Time history of injection velocity (at flange) and mass flowrate. 
The injection starts at t = 0.67 s; such delay takes into account the time elapsing 
between the initiating event and the valve opening, and the time needed to 
pressurize the injection system and make the membrane break as well. 
The plotted velocity is referred to the cross section of the pipeline upstream of the 
lance flange. The velocity increases linearly until ~0.8 s (at a rate of 470 m/s
2
), then 
it increases more slowly. The velocity peak value is reached at ~1.25 s. At ~0.9 s 
the flowrate has reached 90 % of its maximum value. 
Between 1.25 s and 1.6 s the velocity keeps roughly constant, then it starts 
decreasing very slowly (at t = 2 s it is still 98 % of the maximum value). 
The time t* needed for the borated water to reach the flange of the lance can be 
estimated as a function of the above flowrate time history and the volume of clear 
water to be displaced (heavy water inside the line from the RDD membrane up to 
the Injection Lance). By means of linear interpolation, it can be found that ~0.25 s 
are needed before the borated solution reaches the flange. Such estimation relies 
on the assumption that the solution does not mix with the clear water in the 
pipeline, so that a sharp concentration front is kept, and is transported by the flow. 
Fig. 150 shows the time histories of the borated solution volume that passes 
through the flange, as well as that entering the MT. This second curve was 
obtained subtracting from the previous one a volume corresponding to the volume 
contained in the lance portion between the flange and the MT top. 
Due to the assumptions above, the borated water volume that has passed through 
the flange is zero until t = 0.926, then it increases almost linearly. The curve 
representing the volume that enters the MT behaves in the same way, except for 
being delayed by ~0.25 s (i.e. the time needed for the water to cover the distance 
between the flange and the MT top). Therefore the borated solution reaches the 
MT after about 1.175 s since the initiating event. 
This estimation, based on the assumption of unmixed concentration front, will be 
useful for a consistency check of the CFD calculation results (Section 6.6.1). 
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Fig. 150 – Time history of volume of solution injected (and related boron mass) 
through the flange 
In addition to the injection flowrate, also the boron concentration is needed as a 
boundary condition for CFD analysis. As results from RELAP5 calculation, the 
boron concentration at the flange location shows like in Fig. 151; the relatively 
smooth increase indicates that RELAP5 predicts a certain degree of mixing across 
the boron front, instead of a sharp front (dotted line in the Figure). As discussed in 
Section 6.5.3.1.3, a sharp front was used as a boundary condition for CFD 
calculation instead of the smooth profile of Fig. 151, in order to partly compensate 






































Fig. 151 – Time history of boron concentration at the flange. 
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6.5 CFD Investigation of the Fast Boron Injection System 
Intervention during a DEGB-LOCA Scenario 
The present Section deals with the CFD studies of the boron injection into the 
moderator tank during a DEGB-LOCA scenario. 
The objective of this analysis was to calculate the time- and space distribution of 
the boron concentration within the moderator during the first instants of injection of 
the borated solution following a postulated accidental event (Double-Ended 
Guillotine Break LOCA without scram). Such results are meant to provide a 
feedback to TH-SYS and NK analysis, since the local 3D description of the boron 
concentration field provided by the CFD can be utilized for calculating new cross-
sections. 
Two simulations were performed: 
 Boron injection with 2 lances and cold, stagnant moderator (Section 6.5.2) 
This calculation was set-up with initial and boundary conditions 
reproducing the experimental conditions of Siemens tests on a scaled 
facility (see Section 6.5.1), in order to allow a comparison of numerical 
results against experimental information, for CFD model assessment 
purposes prior to performing the simulation of the reference scenario (see 
next bullet). 
 Boron injection with 4 lances and hot, flowing moderator (Section 6.5.3) 
This calculation was set-up with initial and time-dependent boundary 
conditions reproducing the reactor conditions and the boron injection in the 
postulated accidental event, which have been simulated by RELAP code 
(Section 6.4). The results of this calculation have been used for external, 
off-line coupling to TH-SYS and NK analysis (see Section 6.6). 
6.5.1 Experimental Information on Boron Injection 
An experimental facility was built in the eighties by SIEMENS to investigate the 
mixing phenomena associated with the boron injection in Atucha-II moderator tank. 
The experimental facility is a 1:7.6667 scaled representation of Atucha-II moderator 
tank. It includes two injection lances (out of the four lances present in the real 
plant), connected with an injection system. The injection system consists of two 
tanks partly filled with light water, and pressurized with air. The injection, driven by 
the pressurized air, starts with the opening of valves installed on the pipelines 
connecting the tanks to the injection lances. 
A colored pigment was used as a tracer (representing the boric acid), and a 
camera was used to take pictures of the tracer clouds during the injection. 
A sketch of the experimental facility is shown in Fig. 152, while a vertical cross-
sectional view of the MT scaled model is provided in Fig. 153-a. The annotations 
on the Figure show that the distance between the MT top and the end of the 
coaxial zone is 200 mm. However, such distance in the real MT is approximately 5 
times larger, which means that the positioning of the lance in the experimental 
model does not respect the scale 1:7.6667. 
Fig. 153-b shows a top view of the scaled model and the orientations of the two 
lances and the two cameras. 
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Fig. 153 – MT scaled model: vertical cross-section (a) and top view (b) 
During a preliminary experimental campaign, several injection lances of different 
design were tested, the actual boron injection lance for Atucha-II (lance N°27) had 
resulted as the one achieving the most efficient spread of the boron clouds. 
Specified investigations for the propagation of boric acid clouds were carried out in 
the considered experimental campaign: totally 15 series of tests were performed, 
all with two identical lances (No. 27). In some tests, only the water injected from 
one of the two lances was colored. The German report (Ref. [72]), includes, for 
each test, photos shot at several instants during the injection; no further information 
is available on tracer concentration. 
All series of tests are briefly described in Tab. 59; in particular, for series n°9, only 
the water from the lance in the 120°-lance was colored; the camera line of sight 
was aligned with the 60°-lance. The injection rate, was equal in size for both lances 
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Tab. 59 – Matrix of experiments conducted by SIEMENS. 
Detailed results of the experimental campaign are not available. The only useful 
data was represented by very poor quality in pictures, as those showed in Fig. 154, 
where the tracer clouds is reported at some selected istants during Experiment #9. 
The addressed experiment involves the injection of traced water from one lance 
and of normal water from the other lance (to which the camera is aligned). It easily 
observed that three clouds form, two on both upper and lower longitudinal sides of 
the lance, and one below the lance. The two side clouds are practically symmetric; 
each cloud is wider in the upper zone, corresponding to the holes on the outer 
tube. The bottom cloud shows a conical shape, and appears to be slightly distorted 
so as to align with the vertical direction; this is most probably an effect due to the 
presence of the vertical tubes simulating the coolant channels. 
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Fig. 154 – Photos of the tracer clouds during Experiment #9, at several selected 
instants. 
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6.5.2 CFD Simulation of Boron Injection Experiment 
This Section deals with the CFD simulations aim at reproducing the experimental 
conditions of the SIEMENS injection test #9 described in Section 6.5.1. 
The test have been simulated with the same CFD modeling approach that have to 
be adopted for FBI simulations, in order to extend the qualification basis for the 
approach itself prior to performing the simulation of the reference scenario. 
6.5.2.1 Identification of the Computational Domain 
The computational domain selected for the simulation of the facility includes the 
volume occupied by the moderator tank simulator (Fig. 155) and both injection 
lances. 
The following geometrical features have been accounted for: 
 Outer walls of the 451 coolant channels 
 MT boundaries (MT lower plate, closure head lower plate, cylindrical wall) 
 4 moderator downcomers 
 Moderator injection ring 
 Moderator suction ring 
 2 lances, with all their holes 
Although both the moderator tank and the lances in the experimental facility are 
accurate scaled representations of the real components, the positioning of the 
lances in the facility is not consistent with the scaling factor, as they are inserted 
deeper than in the real moderator tank (see Section 6.5.1). For this reason, the 
CFD model developed for Atucha-II moderator tank could not be “adapted” to the 
experimental facility by applying a simple scale transformation; rather the 




Fig. 155 – Computational domain of the test facility. 
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6.5.2.2 Development of the Computational Grid 
The computational grid was developed with the package ANSYS ICEM-CFD 11.0, 
with the same modeling approach (and the same relative mesh sizes) previously 
adopted for the CFD simulations of the MT flow in Section 6.2. 
The whole domain was meshed with tetrahedral elements and a layer of prisms 
has been added on the lance and on the coolant channels wall. 
The mesh has the following features: 
 2.4 million nodes 
 9.8 million elements: 
o 8.3 million Tetrahedra 
o 1.4 million Wedges 
o 7500 Pyramids 
6.5.2.3 Set-up of CFD Simulation 
The simulation has been performed using the CFD code ANSYS CFX 11. 
6.5.2.3.1 General Modeling Choices 
The following field equations were solved: 
 Mass balance (Continuity) 
 Momentum balance (Reynolds-averaged Navier-Stokes equation) 
 Transport of turbulent kinetic energy (k) 
 Transport of turbulent eddy frequency () 
 Transport of an additional, user-defined, scalar variable representing the 
boron/tracer concentration 
The Upwind scheme was chosen for the discretization of the advection terms in all 
balance equations. 
The turbulence was accounted for with the k-ω based Shear Stress Transport 
(SST) model available in CFX; the related “Automatic” near-wall treatment of 
turbulence was adopted at all “wall” boundaries. This means that the code 
automatically applies either a law-of-the-wall as a boundary condition or a low-
Reynolds formulation depending on the local flow conditions. 
The scalar variable was defined as a normalized non-dimensional concentration 
ranging from 0 to 1 (absence of boron and maximum boron/tracer concentration, 
respectively), also referred to as the Mixing Scalar. 
No buoyancy model was activated, since no density effects were taken into 
account. 
6.5.2.3.2 Initial and Boundary Conditions 
Based on the limited information available on the German report, it is assumed that 
in the experiment, as the valves open and the water starts to be injected, the tracer 
is already close to the lances inlet (while in the real FBI system the boron front 
starts from the rupture disc, which is connected to the lance inlet by a pipeline 
some meters long; thus some “clear” water has to be displaced before the boron 
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reached the lance inlet). The inlet boundary conditions for the CFD calculations 
were defined according to this assumption: 
 At the inlet boundaries: 
o Normal speed (3.89 m/s) 
o “Medium Intensity and Eddy Viscosity Ratio” for turbulence 
o Constant tracer concentration (1 and 0) 
 At the tank outlet boundary: 
o “Opening” pressure-controlled condition (relative pressure = 0) 
 At the walls: 
o No-slip condition 
As stated above, the fluid in the tank is assumed to be stagnant, which means zero 
velocity all over the domain. 
6.5.2.4 CFD Results of the Selected Experiment 
6.5.2.4.1 Convergence Behavior 
The convergence of calculations was achieved complying with the BPG (Ref. [11]). 
In particular, the RMS residuals were decreased by almost five orders of 
magnitude and the monitor points were completely stabilized, as shown in Fig. 156. 
 
 
(a)     (b) 
Fig. 156 – Plots of RMS residuals (a) and monitor points(b). 
6.5.2.5 Comparison against Experimental Data 
The calculation results were qualitatively compared to the experimental information 
since no quantitative information is available. The comparison consisted in 
overlapping the plots of the calculated iso-surfaces of the tracer concentration 
(obtained with CFX post-processor, to the photos taken during the experiment. 
As the tracer concentration visibility threshold was not known, the iso-surfaces 
were defined with a threshold arbitrarily set to 1% (that corresponds to 70 ppm for 
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a maximum boron concentration of 7000 ppm). The sensitivity of the results 
comparison upon such threshold was then investigated (see below). 
The comparison is shown in Fig. 157. To allow the superimposition of numerical 
results with the photos, the CFX-Post visualized had to be set in “perspective” 
mode and oriented so as to align the modeled tank with the tank shown in the 
photos. Geometrical details such as the lances and the coolant channels helped 
such tuning. This process is quite empirical and affected by some arbitrariness and 
imprecision, however no better approach was possible for the comparison. 
As can be observed in the figures, the predicted tracer diffusion is quite similar to 
the experiment. The morphology of the tracer clouds is fairly well reproduced, as 
well as their penetration into the moderator tank. Some local discrepancies are 
present; in particular the spread of the clouds originated from the side holes on the 
inner pipe of the lance is somewhat under-predicted. However the overall behavior 
appears satisfactory. 
The above differences can also be due to the choice of the concentration threshold 
to determine the iso-surface. To evaluate the effect of such assumption, two more 
threshold values have been considered in addition, namely 10% and 0.1% of 
maximum concentration. Related results are shown in Fig. 158, where red color is 
for 10% concentration, blue is for 1% and yellow is for 0.1%. As can be seen from 
these figures, the difference between 1% and 0.1% concentration is practically 
negligible in the first second of the transient, while the overall range considered 




t=0.3 s t=0.4 s 
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t=0.5 s t=0.6 s 
  
t=0.8 s t=1.2 s 
  
t=1.6 s t=2.0 s 
Fig. 157 – Qualitative comparison against experiment. 
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t=0.8 s t=1.6 s 
  
t=2 s t=2.8 s 
Fig. 158 – Iso-surfaces for different boron concentration. 
6.5.2.6 Conclusions on CFD Simulation of Boron Injection Experiment 
The present Section deals with the demonstration/extension of the qualification 
level of the modeling approach adopted to develop the MT model in Section 6.2. 
The code predictions were compared against a FBI experiment performed in the 
past on a SIEMENS down-scaled test facility. A specific CFD mesh was developed 
for the facility, and one selected experiment was simulated with CFX. The results 
comparison was made by overlapping iso-surface plots (obtained from calculation 
post-processing) to the photo shots at given instants during the injection and 
showing the tracer clouds. It was thus observed that the CFD simulation was able 
to correctly describe the morphology of the tracer clouds (apart from some local 
discrepancies) as well as their penetration into the moderator and the timing of 
their evolution. The above qualification process, conducted as far as allowed by the 
available experimental information, permitted to demonstrate that the proposed 
CFD modeling approach is suitable for calculating the time- and space-dependent 
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6.5.3 CFD Transient Analyses of Fast Boron Injection during a 
DEGB-LOCA Scenario 
This Section deals with the application of the CFD model developed in Section 6.2 
to the simulation of the boron injection into the moderator, for a scenario involving a 
2A break LOCA without insertion of the control rods. 
It is assumed that all four boron injection lances are utilized, and that, when the 
injection occurs, the moderator conditions are those corresponding to the normal 
operation (i.e. the moderator is hot and flowing). 
The objectives of this CFD analysis are to predict the formation and diffusion of the 
boron cloud, and provide boundary conditions for NK analysis in terms of time- and 
space- distribution of boron concentration. 
The analysis required two steps: 
1. Steady-state calculation with boundary conditions corresponding to the 
normal operation. 
2. Transient calculation simulating the boron injection. 
The steady-state calculation was necessary to provide moderator velocity and 
temperature fields for the initialization of the transient calculation. 
The CFD model adopted (computational grid + simulations set-up) is based on the 
following features: 
 Accurate and detailed (as far as possible) description of the geometry 
details of the boron lances and of the MT: the reference grid C1 described 
in Section 6.2.1 has been used. 
 Realistic description of the moderator conditions (velocity and temperature 
fields; density effects accounted for) when the boron injection occurs, 
based on the steady-state reference analysis described in Section 6.2.3. 
 Realistic description of the boron injection conditions (time-dependent 
flowrate, concentration and temperature) for the assumed accidental 
scenario, according to results provided by the preliminary TH-SYS code 
analysis described in Section 6.4. 
6.5.3.1 Set-up of the Transient Calculation 
The boron injection transient simulation was performed as a “restart” of the 
previous steady-state calculation. 
The analysis was performed with the CFD code ANSYS CFX-10.0. Due to the 
huge number of nodes, it was necessary to run parallel calculations on a computer 
cluster available at UNIPI. 
6.5.3.1.1 Boron Concentration 
The equation for the transport of an additional, user-defined, passive scalar 
variable representing the boron concentration was added to the model. 
The scalar variable was defined as a normalized non-dimensional concentration 
ranging from 0 to 1 (absence of boron and maximum boron concentration, 
respectively), also referred to as the Mixing Scalar. 
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The boron concentration in the tanks of the JDJ system is 7000 ppm. However, 
such value is irrelevant from the point of view of the numerical simulation. The 
actual boron concentration field can be obtained multiplying the non-dimensional 
field by the maximum concentration value. 
6.5.3.1.2 Numerical Schemes 
The “Second Order Backward Euler” time advancement scheme was used for all 
solved equations, except for the concentration transport equation. For the latter a 
first-order scheme was adopted to avoid unbounding issues observed in previous 
test calculations. 
A total time of 1.3 s was simulated (t=0 being the instant corresponding to the 
rupture membrane opening, i.e. the water injection start), with a fixed time step 
equal to 5 ms. 
Again, the Upwind scheme was chosen for the discretization of the advection terms 
in all balance equations. 
6.5.3.1.3 Boundary Conditions 
The boundary conditions related to moderator (and bypass coolant) inlet and outlet 
are exactly the same as for the steady-state calculation (see Section 6.2.2.2), since 
it is assumed from SYS-TH analyses that during the first seconds of the LOCA 
scenario the moderator feeding and the power release are not sensitively affected.  
On the other hand, additional boundary conditions are necessary to define the 
boron injection. 
Such conditions were derived from a previous RELAP5 analysis of the JDJ system 
intervention, as described in Section 6.4. Namely, a time-dependent flowrate was 
imposed at the inlet boundary of each injecting lance, according to Fig. 159, based 
on the injection time-history plot of Fig. 149. 
 
 
Fig. 159 – Boron solution injection flowrate (1 lance) from RELAP calculation. 
University of Pisa - 256 - April 2011 
 
Page 256 of 282 – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Terzuoli Fulvio 
As shown in Section 6.4, the boron concentration calculated by RELAP at the 
lance flange showed a smoothed time profile instead of a sharp concentration front 
(see Fig. 160-a). However, in order to contrast the effect of the numerical diffusion, 
a step profile such as in Fig. 160-b was judged more convenient as a BC for the 
CFD analysis. The time t = t at which the concentration front appear at the lance 
inlet boundaries was estimated as 0.246 s, based on the injection flowrate time 
history and on the volume of clear water contained in the pipeline between the 
rupture membrane and the lance flange that must displaced before the borated 











Fig. 160 – Concentration fronts: RELAP result (a) and CFX boundary condition (b). 
Concerning the temperature of the injected water, it was assumed that the 
temperature of the borated solution (i.e. water upstream of the rupture membrane) 
is 30° C, while the temperature in the pipeline downstream of the rupture 
membrane up to the lance flange was arbitrarily set to 140 °C. Therefore, a “cold 
front” reaches the lance inlet at the same time as the concentration front (as shown 







Fig. 161 – Definition of a sharp temperature front as BC for CFX calculation. 
6.5.3.2 Results of the Transient Calculation 
The key results of the transient simulation consist of the space and time distribution 
of the boron concentration over the moderator domain during the first instants of 
the accidental scenario. 
As stated before, the total simulation time is 1.3 s, starting from the rupture 
membrane opening. This time is larger than the admissible delay for the safe 
shutdown of the reactor, therefore simulating a longer period would not add 
relevant information. 
The results (boron concentration and water temperature) were stored each 25 ms 
for each control volume of the computational mesh.  
April 2011 - 257 - University of Pisa 
 
Terzuoli Fulvio – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Page 257 of 282 
Such results were processed in order to calculate the boron mass injected into 
macro-cells, so as to provide a feedback to NK analysts. This processing is 
described in Section 6.6. 
A qualitative description of the time evolution of the boron concentration and 
velocity fields is provided in the following sub-sections. 
6.5.3.2.1 Velocity Field 
Fig. 162-a shows some streamlines entering both from the moderator inlet 
boundary (blue) and from the bypass coolant inlet boundary (green), at the 
beginning of the simulation (t = 0, injection start). At this time the flow field appears 
obviously the same as described in Section 6.2.3. 
Fig. 162-b shows the streamlines at the end of calculation (t = 1.3 s); in this case 
streamlines from the four lances inlet boundaries are also plotted (red). The flows 
from the lances obviously interact with the moderator flow; however the central 
ascending flow stream in the bottom-central part of the MT seems to be not 




Fig. 162 – Velocity field: streamlines before (a) and during (b) injection 
Fig. 163 shows plots of the velocity vectors projected on a vertical plane passing 
through the axis of one lance at some selected instants. For an easier visualization, 
the length of the vectors was renormalized so as to have the same value 
everywhere (therefore the picture does not provide information on the velocity 
magnitude). The vectors are colored by the local boron concentration (blue = no 
boron; red = 7 ppm). 
It can be observed that at t = 0.25 the velocity field has already been affected by 
the water injection; however the boron has not yet reached the MT. At t = 0.5 s the 
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boron has just appeared in the MT, close to the lances. Later the boron diffuses 
farther within the moderator, and the injected flow affects the moderator velocity 
field to a larger extent (as can be observed from the recirculation structures 
appearing around the lances). 
The concentration spots on the right side on the MT belong to the lance located on 
the opposite side; the concentration distribution obviously appears non symmetric 





Fig. 163 – Plots of velocity vectors on a vertical plane at some selected instants 
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6.5.3.2.2 Boron Concentration Field 
Fig. 164 shows the boron concentration contours on a vertical plane that passes 
through the axis of one lance. The color scale ranges between 7 and 70 ppm (i.e. 
0.1% and 1% of the boron concentration in the injected solution, respectively). The 
concentration outside the blue boundaries is lower than 7 ppm, while inside the red 




7 ppm 70 ppm  
Fig. 164 – 2D contours of boron concentration on a vertical plane passing by one 
lance axis. 
Iso-surfaces of the boron concentration at some selected instants are plotted in 
Fig. 165, a value of 7 ppm has been chosen as threshold for the visualization. 
At 0.75 s the iso-surfaces from adjacent lances have not yet got in contact, and the 
cloud around each lance affects four rows of coolant channels. After 1 s the 
adjacent clouds have already begun to intersect; the cloud around each lance 
affects six rows of coolant channels. At 1.3 s the clouds have further enlarged, 
however clouds from opposite side have not yet interacted. 
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Fig. 165 – Iso-surfaces of boron concentration at some selected instants (7 ppm) 
Fig. 166 to Fig. 171 show the boron concentration contours on horizontal planes at 
six different elevations, starting from the top. The MT has been subdivided in 11 
slices, the elevations were taken in compliance with the 3D NK nodalization (see 
Section 6.6). The color scale ranges between 7 and 70 ppm (i.e. 0.1% and 1% of 
the boron concentration in the injected solution, respectively). The concentration 
outside the blue boundaries is lower than 7 ppm, while inside the red boundaries it 
is higher than 70 ppm. 
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Fig. 166 – 2D contours of boron concentration on a horizontal plane (z = 5.44 m). 
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Fig. 167 – 2D contours of boron concentration on a horizontal plane (z = 5 m). 
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Fig. 168 – 2D contours of boron concentration on a horizontal plane (z = 4.47 m). 
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Fig. 169 – 2D contours of boron concentration on a horizontal plane (z = 3.94 m). 
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Fig. 170 – 2D contours of boron concentration on a horizontal plane (z = 3.41 m). 
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Fig. 171 – 2D contours of boron concentration on a horizontal plane (z = 2.88 m). 
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6.5.3.3 Conclusions on Boron Injection during a DEGB-LOCA Scenario 
A transient CFD simulation of the boron injection into the moderator was 
successfully. A 2A break LOCA scenario was assumed; the intervention of the JDJ 
system involved the utilization of all four injecting lances. When the injection 
occurs, the moderator is assumed to be in its normal operation conditions. 
The boundary conditions related to the boron injection were defined according to 
the results of previous RELAP5 analyses of the JDJ system. 
The key result of the transient simulation is the space and time distribution of the 
boron concentration over the moderator domain up to 1.3 s after the injection start 
(i.e. after 1.97 s after the initiating event). 
Such results can be utilized for the set-up of neutron kinetics analyses, as 
discussed in Section 6.6. 
6.6 CFD-NK Coupling 
A procedure was developed for coupling the CFD analysis of boron injection into 
the moderator with the Neutron Kinetics analysis (both 1D and 3D).  
The procedure consists of the following steps: 
1. The boron concentration calculated with the CFD, for several selected 
instants and for each control volume of the computational grid, is extracted 
onto text files in table format. 
2. A special routine reads and process the above results. Given a particular 
discretization of the moderator domain into “macro-cells” (i.e. the 3D-NK 
mesh), the routine calculates at each instant the mass of boron contained 
in each macro-cell, and output the related boron mass time history. 
The first step is easily achieved with the GUI of CFX-Post, with the help of some 
user-defined Power Syntax routines. Power Syntax is an internal language of CFX, 
containing features of Perl language, and enabling the user to perform advanced 
post-processing tasks which cannot be performed with the standard tools 
accessible from CFX-Post GUI, such as execution of cycles etc.  
The results of CFX transient calculations are available as “.trn” files, each one 
corresponding to a time value; normally such files are not saved for each time step, 
but rather with a lower frequency, in order to avoid problems related to data 
storage requirements. Once a transient results file is read with CFX-Post, a text file 
is created containing the following information for each control volume (CV): 
 Volume of the CV 
 Cartesian coordinates of the CV centroid 
 Boron concentration 
 Water temperature 
Since the computational grid used for the present CFD analysis counts 1.6 million 
nodes, the above text files will contain 1.6 million entries each. 
For the second step, Visual Basic 6.0 routines were developed (one for each NK 
discretization considered), which perform the following operations: 
 Reading the text files with CFD results 
 Assigning each CV to the NK macro-cell to which it belongs 
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 Calculating the mass of boron contained in each CV (taking into account 
the local water density, which depends on local temperature) 
 Calculating the mass of boron contained in each macro-cell (summing all 
the related CV contributions) 
 Writing one text file with the boron mass time history for each macro-cell 
The final text file (boron mass in macro-cells) can either be directly used for the 
definition of neutron absorption cross section in setting up 3D NK analyses, or be 
further processed to calculate the boron mass or the boron average concentration 
over collapsed regions. 
In any case, procedure described permits only a one-way, external coupling, since 
the data transfer is from CFD to NK (and not between), and is not made 
automatically during the parallel execution of both CFD and NK analyses, but 
rather it is made “manually”, after the completion of CFD calculations. 
A further step in the “external coupling” could be performed by defining a new CFD 
analysis using the BC provided by the last coupled TH-SYS/NK analysis, and so 
forth. This kind of study was outside the scope of the present activity and was not 
performed. 
As mentioned above, two different NK discretizations were considered: 
1. Cylindrical discretization, corresponding to the RELAP5/3D nodalization of 
CNA-2 reactor developed at UNIPI 
2. Hexahedral discretization, used to collapse results for RELAP5 1D 
nodalization 
The application of the above procedure for both discretizations is described in the 
following sub-sections. 
The CFD results processed are those described in Section 6.5.3, i.e. those for a 2A 
break LOCA scenario involving the intervention of the boron injection system, and 
the utilization of 4 lances. 
The calculation addressed a time period of 1.3 s since the opening of the rupture 
membrane (which occurs 0.67 s after the initiating event, see Section 6.4). The 
transient results were stored each 0.025 s, therefore all time histories have 52 time 
entries. 
6.6.1 Averaging CFD Results over 3D NK Nodalization 
A sketch of the RELAP5-3D nodalization of the MT developed at UNIPI is shown in 
Fig. 172. The discretization has the following sub-divisions: 
 6 radial 
 16 azimuthal (22.5° step) 









corresponding to the active length of the core) 
The total number of volumes (macro-cells) is 1152. 
The radial spacing is non uniform, so that all macro-cells of the active part have 
approximately the same volume. The axial spacing in the active length is 0.53 m, 
while bottom and top reflectors are 0.465 m and 0.35 m respectively. 
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After the application of the Visual Basic routine (CNA2_CFD2NK_4.exe) developed 
specifically for this NK nodalization, the time history of the boron mass contained in 
each of 1152 macro-cells was output as a text file. 




Fig. 172 – Sketch of RELAP5-3D nodalization of the MT 
Fig. 173 shows the time history of the boron mass calculated in some selected 
macro-cells in the region most affected by the boron clouds (see the sketch in the 
bottom as a reference for localizing the macro-cells). It is observed that the cells 
closest to the lances are the first to be affected by the injection, as obvious, while 
the central zone of the MT is reached with some delay. However, since the boron 
clouds are pushed downwards, a larger amount of boron collects in the lower 
volumes than in the upper part of the MT. 
The results were also processed in order to calculate the boron mass inventory in 
each of the 6 coaxial zones defined by the nodalization, as well as the total boron 
mass inventory, as a function of time. The resulting time histories are shown in Fig. 
174. It is observed that only the three most internal zones are appreciably affected 
by the boron injection; between 0.5 s and 0.75 s most of the injected boron is in the 
second zone from the centre, while after 0.75 s the boron tends to accumulate 
mostly in the centre. 
The total amount of boron injected after 1.3 s (i.e. 1.97 s after the initiating event) is 
2.18 kg. This result can be compared with the value directly calculated on the basis 
of the boundary conditions, as described in Section 6.4: the boron mass injected 
from one lance was expected as 0.54 kg, which means 2.16 kg from four lances. 
The difference is lower than 1% (due to rounding and discretization errors in BC 
data processing), and proves that the boundary conditions were correctly 
implemented in the CFD model, and validates the Visual Basic routine. 
A consistency check between the time histories of the injected boron mass, 
according to BC derived from RELAP5 analysis (Section 6.4) and to CFD results, is 
plotted in Fig. 175. 
 
University of Pisa - 270 - April 2011 
 
Page 270 of 282 – Ph. D. Thesis in Nuclear Engineering XXII Cycle – Terzuoli Fulvio 
 
Fig. 173 – Injected mass of boron in some selected volumes of RELAP5-3D 
nodalization 
 
Fig. 174 – Time history of injected boron mass in coaxial zones of RELAP5-3D 
nodalization 
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Fig. 175 – Total mass of injected boron: comparison between CFD and BC from 
RELAP5 
6.6.2 Averaging CFD Results Over 1D NK Nodalization 
The 1D NK nodalization includes 6 zones arranged as in Fig. 176. Each zone 
groups a number of “channels” (or, better, portions of MT corresponding to the 
individual coolant channels), and is thus based on a hexagonal pattern. The total 
number of channels is 595 (451 coolant channels + 144 for radial reflectors). 
The positions represented in brown color in Fig. 176 are not included in the six 






Fig. 176 – Identification of zones in 1D NK nodalization 
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Before calculating the boron mass injected in each of the above six zones, a finer 
discretization was implemented in a Visual Basic routine 
(CNA2_CFD2NK_HEXA2.exe) with the following features: 
 All 595 channels (both coolant and reflector) accounted for separately 
 12 axial sub-divisions (the same as for the RELAP5-3D nodalization) 
The MT results thus sub-divided into 12 x 595 = 7140 hexagonal prisms, as 
sketched in Fig. 177. 
As a result of the application of the above routine, the time history of the boron 
mass contained in each of 7140 macro-cells was output as a text file. Such set of 
information could be transferred to NK analysis in the case that a “fine”, channel-
by-channel discretization of the MT needs to be utilized. 
For the purposes of the present study, a further processing was performed in order 
to obtain collapsed results for the six zones. The resulting boron mass time 
histories are plotted in Fig. 178. This information can be implemented into 1D NK 
models. 
Also in this case, the total amount of boron injected after 1.97 s since the accident 
start is 2.18 kg, which provides a consistency check for the BC adopted in the CFD 
calculation, and validates the Visual Basic routine as well. 
 
 
Fig. 177 – Sketch of the fine hexagonal discretization 
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Fig. 178 – Time history of boron mass in 1D NK nodalization zones 
6.6.3 Conclusions CFD-NK Coupling 
CFD calculations addressing the simulation of the boron injection into the 
moderator actuated by the JDJ system was performed. Namely, the calculation 
was referred to a 2A break LOCA scenario, and was run assuming normal 
operation conditions for the moderator (i.e. moderator flowing in the tank, and 
energy deposition due to neutron and gamma radiation), and the utilization of four 
injecting lances. The boundary conditions for the boron injection were derived from 
previous RELAP5 analyses of the JDJ system. The key result provided by this CFD 
analysis is the time and space distribution of the boron concentration in the 
moderator tank during the first instants of the postulated accidental scenario. Such 
information was then further processed and put in a form useful for neutron kinetics 
analysis purposes. The final results of the reference SYS-TH/NK calculation for the 
2A-LOCA scenario was briefly described in Section 4.1. 
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CONCLUSIONS 
Computational Fluid Dynamics (CFD) is a well-established industrial design tool for 
non-nuclear applications, helping to reduce design time scales and to improve 
processes throughout the engineering world, providing a cost-effective and 
accurate alternative to scale model testing. 
Within the Nuclear Reactor Safety (NRS) framework, the traditionally adopted tools 
for safety analysis evaluation (i.e. integral thermal-hydraulic codes) are not capable 
of predicting the effect of inherently three-dimensional flow fields and mixing 
phenomena in complex geometries, therefore the application of CFD techniques is 
considered to potentially bring real benefits in terms of deeper understanding of 
involved phenomena and of increased safety. 
However, CFD tools are considered mature enough to be applied to selected 
single-phase issues of nuclear safety related problems, hence further code 
assessment is still necessary. Nevertheless, the intensive code development and 
assessment work carried out in recent years and the dramatic increase in 
computing power are quite promising, and CFD already plays an important role as 
a support tool for NRS analysis. 
In this framework, the present thesis provided a contribution to the definition of the 
possible current role and the future perspectives of the application of CFD tools to 
NRS problems within both a licensing and a design framework. 
In particular, the documented research activity focused on the implementation of 
CFD techniques within a best estimate methodology to address the licensing 
analysis of a Nuclear Power Plant (NPP), namely the analysis of the Double Ended 
Guillotine Break Loss Of Coolant Accident (DEGB-LOCA or 2A-LOCA) scenario of 
the Atucha-II NPP (CNA-2), which is included into the Chapter 15 of its Final Safety 
Analysis Report (FSAR). 
The LB-LOCA scenario was handled by means of developing a procedure involving 
internal and external coupled applications of best estimate thermal-hydraulic, 
neutron physics and fuel pin performance computer codes, together with the 
evaluation of the related uncertainties. 
In the postulated scenario, the pressure waves caused by the break of the pipe are 
supposed to make the control rod insertion unreliable, thus requiring the 
intervention of the emergency Fast Boron Injection system, a backup reactor shut-
down system The boron injection, powered by pressurized air, is meant to be 
actuated in few seconds in order to be effective. 
The coupled TH-SYS/NK analysis of the LB-LOCA scenario needs to account for 
the effectiveness of the negative reactivity insertion due to the fast boron injection 
into the moderator; therefore the time- and space-dependent boron concentration 
inside the Reactor Pressure Vessel are needed, accounting for the effect of 
inherently three-dimensional flow filed and mixing phenomena in a complex 
geometry such that inside the Moderator Tank. 
An integrated and systematic application of CFD studies has been performed in 
order to analyze the time- and space-dependent boron concentration injected 
during the LB-LOCA scenario, starting from the assessment of the highly three-
dimensional in-vessel fields of coolant and moderator, together with the 
assessment of all the relevant concentrated pressure losses affecting the injection 
performance, going beyond state-of-the-art approaches in this field of application. 
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In this process, advantage was taken from the comparison against several 
experimental data. 
The documented application of CFD techniques to the licensing analysis of a 
nuclear reactor demonstrates the relevant contribution that these tools are able to 
provide for such kind of studies. In other terms, the implementation of CFD into an 
integrated code approach may constitute an added value with respect to the 
traditional approach involving system thermal-hydraulic codes. 
The presented CFD analyses of in-vessel flows of coolant (in DC, LP and UP 
regions) and moderator (in MT), together with the assessment of the related 
pressure losses (through the core and the boron injection line), demonstrate that 
the specific capabilities of CFD can provide unique information on pressure losses 
and flow field structures in complex geometries, so as to allow for the development 
of more effective system code nodalizations. 
Moreover, the CFD investigation of the boron injection transient clearly 
demonstrates the need for such kind of tool to deal with time-dependent  
three-dimensional mixing and transport phenomena at small length scale. 
Finally, the present research contributed to the assessment of CFD codes in their 
application to problems related to nuclear safety and technology, in particular for 
the predictive analysis of in-vessel flows and of the related transport and mixing 
phenomena, together with the evaluation of concentrated pressure losses in 
complex geometries. 
It can be concluded that CFD tools are mature enough for selected single-phase 
applications to nuclear reactor safety analyses, such as those mentioned above. 
However, for a widely accepted and systematic application of CFD tools to the 
several aspects included into the field of nuclear analyses, further assessment is 
required, especially for two-phase flow related issues. 
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